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47. A Biological Test for Vitamin P Activity 


By Alfred Louis Bacharach, Marie Evelyn Coates and Thomas Riddoch Middleton, 
From the Biochemical Department, Glaxo Laboratories, Ltd., Greenford, Middlesex 


(Received 4 April 1942) 


The absence of a satisfactory animal test for vitamin P has had several disadvantages. 
Clinical trials have been made not only with hesperidin but also with citrus concentrates 
that must have contained at least one other active substance and may even have been 
devoid of hesperidin. This compound, although its chemical structure is established, cannot 
itself be estimated by any sufficiently specific chemical or physical tests. Thus the 
vitamin P activity of the concentrates used, and possibly also of the hesperidin, can 
only be expressed in terms of the clinical results attained; such expression is of very 
limited precision, and is, moreover, dangerously liable to lead to argument in a circle. 
Furthermore, attempts to concentrate the active principle from natural sources, to say 
nothing of isolation and synthesis, have been handicapped or frustrated by the inability 
to relate chemical properties with physiological activity. The same difficulties have 
naturally also impeded clinical investigation, and the pioneer work of Armentano, 
Bentsath, Beres, Rusznyak & Szent-Gyérgyi [1936] and of Scarborough [1939] has been 
followed by only a few other trials [cf. Rapaport & Klein, 1941; Goldfarb, 1941]. Even 
their limited results, however, have given a more than academic interest to the problem 
of producing experimental avitaminosis-P in laboratory animals. 

The early attempts of Szent-Gyérgyi and his co-workers [Bentsdth, Rusznyak & 
Szent-Gyorgyi, 1936; 1937] to demonstrate vitamin P deficiency in guinea-pigs were not 
found convincing: Zilva [1937] and Moll [1937] were both unable to confirm Szent- 
Gyérgyi’s results, and Szent-Gyérgyi [1938] was himself unable to repeat them later. 
We were therefore interested in a paper by Zacho [1939] who used as a criterion of 
vitamin P deficiency the ‘specific’ symptom of capillary fragility, sometimes confused, as 
Scarborough [1941 a] has pointed out, with increased capillary permeability. The criteria 
used by the earlier investigators—increased survival time or a reduced number of hae- 
morrhages in scorbutic guinea-pigs—were clearly unsatisfactory even on theoretical 
grounds: death of guinea-pigs from scurvy is complicated by intercurrent infections, and 
estimation of the animals’ haemorrhagic ‘score’ post mortem must be largely a matter 
of subjective judgement. Both would be accompanied by a high variance, so that clear- 
cut results would be difficult to get even with large numbers of animals. 

Interest in Zacho’s paper has also been aroused in the Hungarian workers, and 
Rusznydk & Benké [1941] have stated that they were able to confirm Zacho’s findings, 
not only on guinea-pigs but also on rats. When their note appeared, we had already 
overcome certain difficulties encountered in trying to apply Zacho’s technique, but we 
had considered it inadvisable at that stage to publish our results because we wished to 
try to put the method on to a quantitative basis, in our opinion the acid test of any claim 
for an animal response to a physiologically active substance. 

Without intending to detract at all from Zacho’s findings, which we have been able to 
confirm in principle, if not in every detail, we wish briefly to record our criticism of his 
method and results. First, his figures were published in such a way as not to allow any 
estimate of the errors involved in his procedure. Secondly, he used animals of extremely 
varied weights (240-685 g.) and therefore, presumably, of correspondingly varied ages. 
Thirdly, he applied a depilatory and took readings of capillary fragility every second or 
. third day; both these procedures, in our experience, seriously increase the difficulty of 
Biochem. 1942, 36 ( 407 ) 27 











408 A. L. BACHARACH, M. E. COATES AND T. R. MIDDLETON 


‘reading’ the petechiae produced by the negative pressure method. Moreover, too 
frequent examination of the animals is undesirable; after each shave the new growth of 
hair becomes progressively coarser, making it progressively more difficult at the next 
shave to remove the hair without so damaging the skin as to interfere with accurate 
detection of petechiae. Finally, he administered only ‘citrin’, prepared by the method of 
Szent-Gyérgyi, but from rose-hips, and gave all doses parenterally, a proceeding im- 
possible with hesperidin and therefore unsuited for making comparisons between the 
activities of his concentrate and the pure glycoside. 

Our procedure differs from Zacho’s in a number of details, as will be apparent from the 
following description of the methods used in the work described here. Healthy young 
albino guinea pigs, weighing from 180 to 320 g., were placed on a scorbutogenic diet of 
bran, crushed oats and separated milk powder. All animals received 1 ml. of cod-liver 
oil twice weekly and 5 mg. of pure ascorbic acid every day except Sundays orally by 
pipette, direct into the animal’s mouth; the material to be tested was similarly adminis- 
tered, either in a well-mixed aqueous suspension (e.g. hesperidin) or in aqueous solution. 
The latter contained a solid complex of citrus glycosides with calcium, prepared for 
us by the Research Department of the California Fruit Growers Exchange and placed at 
our disposal by the courtesy of Mr C. P. Wilson and Mr W. E. Baier, to whom we are 
much indebted. We learned from them that this concentrate, which was a yellow powder, 
hardly at all hygroscopic and almost completely soluble in water to give a brownish- 
yellow solution, was made from orange meal, i.e. the peel and pulp of oranges freed from 
juice and dried in warm air, by the method described by Szent-Gyérgyi for preparing 
‘citrin’, though with some modifications. 

The chemical nature of these glycosidic fractions is quite unknown; the belief that they 
contain ‘eriodyctin’ [Szent-Gyérgyi, 1938], that is, demethylated hesperidin, can only 
be justified by acceptance of Szent-Gyérgyi’s statement that this is the water-soluble 
constituent of citrin: for this statement he has never published any evidence. We propose, 
therefore, to refer to these mixtures as water-soluble vitamin P preparations, more 
briefly as w.s.P. 1, w.s.P. 2 and so on. 

The animals are prepared for test by clipping the hair on the median part of the back 
and then shaving the skin over an area about 2 cm. wide on either side of the lumbar 
vertebrae. The skin is greased with vaseline and the animal placed in a warm room (at 
a temperature of 70+2° F.) for 1-2 hr. before removal and examination for capillary 
fragility. This ‘preheating’ ensures a good blood supply to the skin and easy observation 
of any petechiae produced by suction and gives more consistent responses. Animals held 
at a low temperature have only shown very faint petechiae even with a negative pressure 
of 200mm. The guinea-pig appears to respond to cold with increased capillary re- 
sistance. 

In passing, two more or less casual observations may be recorded; they appear to 
confirm the fact, to which Scarborough [19416] has called attention, that the presence of 
extra-vascular blood may lead to increased capillary resistance. One batch of animals 
responded very poorly to the diet, that is to say, their capillary resistance remained much, 
higher than that of previous and subsequent batches similarly treated. They were in poor 
health; a number died before and others during the experimental period. Bacteriological 
examination revealed the presence of pseudo-tuberculosis rodentii, suggesting that lung 
haemorrhages may very likely have been present. A few other animals were rather 
badly cut during shaving; they also failed to respond and maintained abnormally high 
capillary resistances. Similarly, the animals of Zilva, Moll and Szent-Gyérgyi may 
have been protected from increased capillary fragility as a response to their own 
scorbutic ecchymoses. 

The apparatus used for applying ‘negative pressure’ to the shaven skin of the animal 
is shown diagrammatically in Fig. 1; it is a simplified version of the instrument used by 











too 
a of 
ext 
ate 
1 of 
im- 
the 


the 
ung 
t of 
ver 

by 
nis- 
on. 
for 
l at 
are 
ler, 
ish- 
om 
ing 


ck 
bar 
(at 
ary 


ion 


ich, 
or 
cal 
ng 
ner 
igh 
ay 


nal 





BIOLOGICAL TEST FOR VITAMIN P 409 


Scarborough for measuring capillary resistance in human subjects. The open end of the 
suction cup has a diameter of 12 mm. (Zacho used one of 8 mm.), and the upper face 
is covered with optically plane glass. Replacement of the three-way tap used in our first 
apparatus by the needle valve has since made it possible to read pressures to the nearest 
5 mm. instead of, as formerly, the nearest 10. 

The suction cup is applied to the greased and shaven area and the pressure is gradually 
reduced by 5mm. stages, being main- 
tained at each stage for 3-5 sec. That 
pressure is noted at which petechiae are 
first seen when the area under suction is 
being viewed through the cup. This pres- 
sure has sometimes been called the - 
‘capillary resistance’, because the higher 
the pressure the higher the resistance; 
we consider the description, however, 
to be somewhat illogical and prefer to 
speak of the ‘critical petechial pressure’ 
(c.P.P.). Two observers take readings of 
each c.P.P., and the mean of their read- 
ings is used in all evaluations. A study of 
the contributions made to the variance 
of readings by such factors as position 
on the animal’s back, uncontrollable 
animal differences and differences be- 
tween observers is being undertaken. Whether or not such study leads to improvements 
in technique the readings already have an unusually small variance, as will be seen 
below. 

The procedure described above was standardized after a large number of preliminary 
observations, the details of which would, however, be wearisome to follow here. The 
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Fig. 1. 


* justification for the procedure must, in any event, be found in the degree of precision it 


allows. : 
In Table 1 are recorded the results obtained with three different doses of recrystallized 
hesperidin, compared with a control group untreated with vitamin P, and the corre- 


Table 1 


Critical petechial pressure (mean of 10 or 
9 animals), mm. Hg, after weeks 


Dose F 
Substance mg. 0 1 2 3 4 

Hesperidin 0 97-5 78-0 63-0 58-0 60-0* 

(recryst.) 5 92-0 73-0 67-27 67-8 66-1 

10 97-0 83-0 72-5 71-7f 72-2 

2 87-0 78-0 72-5 75-5 76-5 
w.s.P. 1 0 96-5 84-0 67-0 85-0 69-0f 

1 96-5 86-7* 72-8 90-6 78-9 

2 91-0 84-5 82-5 93-3f 87-8 

4 92-0 96-0 89-4 96-1 95-0 


Scorbutogenic diet +5 mg. ascorbic acid per animal per day. 
* Returned to 93-9 after 21 days with 20 mg. hesperidin. 

+ One animal died. 

t Returned to 95-5 after 14 days with 4 mg. w.c.P. 1. 


sponding results obtained with the water-soluble preparation mentioned above. (In this 
experiment the apparatus was still fitted with the three-way tap and individual readings 
were only taken to the nearest:10 mm.) It will be seen that response is graded to dose at 


27-2 
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each week, though the differential effects of the doses (an expression of the slope of the 
dosage-response curve) fluctuates markedly. This is particularly noticeable after 3 weeks’ 
dosing with w.s.p.1; nevertheless, in spite of the sudden unexplained rise in ©.P.P. at 
this point, there is no crossing of the curves relating the C.P.P. values with the different 
doses and these values fall again to the anticipated levels at the end of the 4th week. 

Attention is also called to the steady and fairly rapid rise in c.P.P. shown by the negative 
control animals when vitamin P is administered. 

It is evident from the figures shown in Table 1 that the maximum differences between 
the effects of different doses were obtained after 4 weeks; an analysis was therefore made, 
by the usual procedure, to establish the significance of these differences; the results are 
shown in Table 2 


Table 2. Effect of vitamin P on capillary resistance 
Response (c.P.P.), mm. Hg 


Coeffi- 
Daily No. of cient of Significance of 
dose animals variation= Standard differences 
mg. surviving Variance= 1002/9 error of = ——___—*~"—— 
Substance (d) outof10 Mean=9% =? % mean =o; t P 
Hesperidin 0 10 60-0 11-11 1-05) 9.6 0-05 
recryst. 5 9 66-1 61-13 2-61) : 0-07 
(93%) 10 9 72-2 25°75 1-69) ’ 0-08 
20 10 ” 76-5 22-50 1-50) 
w.s.P. 1 0 10 69-0 54-44 2-33 
1 8 79 3613 2.00) 2 
2 9 87-8 25-75 1-69) 2. 0-013 
4 9 95-0 37-50 2-04) 
Period of test: ia days. All animals received 5 mg. ascorbic acid on 6 days each week. 
Regression line equations: 


For hesperidin y =54-46 +17-15 log d, b/o,=3-77 (P>0-001); 
For w.s.P.l =y=79-15 + 26-76 log d, 6/o, =5-93 (P>0-001). 


_— = 
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A number of conclusions may be drawn as to the suitability of the method for purposes 
of biological assay. They relate to the variability of the response and the slope of the 
dosage-response curve, as well as to the range of responses over which the method seems 
likely to be applicable. 

First, it should be noted that the variance of response to dose is small and apparently 
independent of the level of response within the range used: Poth these are desirable 
characteristics in biological assay. The 
surprising smallness of the variance is 
indicated by the coefficients of variation, 
which are always independent of the 
unit of measure adopted. The values 
range from 5-6 to 11-8, and are thus ex- 
ceptionally low; most biological methods ~ 
give values over 20%, often over 30%. 

Secondly, the slope of the response 
curves would appear to be satisfactory 
at the higher levels of response found 
with w.s.P.1. With doses in the ratio of 
2:1, all pairs of mean responses show 
highly significant differences. At the 
lower levels of response given to hesperidin, significance is rather less than is now 
required by bio-assayists, who prefer not to recognize those corresponding to a probability 
of less than 20 to 1. 


log dose 
Fig. 2 








of the 
weeks’ 
.P. at 
Terent 
eek, 

ative 


tween 
made, 
ts are 


D-O1 
1-013 


,0SES 
F the 
ems 


ntly 
able 















BIOLOGICAL TEST FOR VITAMIN P 411 


If the results are plotted in the usual way, with the responses as ordinates and the 
logarithms of doses as abscissae (Fig. 2), these findings are illustrated graphically by 
(1) the closeness with which the two sets of points fall on their respective regression lines, 
calculated by the method of least squares, and (2) the steeper slope of the line referring to 
the higher range of responses. 

It seems likely, therefore, that under our conditions of test vitamin P activity may be 
estimated with a considerable degree of accuracy. It will be necessary, apparently, to 
conduct assays in which the test substance is compared in potency with a provisionally 
adopted standard preparation, on groups of about 10 animals, to use doses in the ratio 
of 2:1 and to choose these doses so that the mean c.P.P. values fall between about 70 
and 95mm. Hg. Further experience of the test may lead to an increase in precision, 
making it. possible to obtain the same degree of accuracy with a smaller number of 
animals or to use a lower dose ratio. 

It may be of interest to direct attention to one incidental ren that is possibly 
of wider bearing on biological assays in general. In the tests described each animal can 
act as its own control; values of the c.P.P. are taken at the. beginning and at the end of 
the test period. The ‘metameter’* of response used in the analyses reported above was 
the reading of the c.P.P. at the end of the test period (y). If this were subtracted from the 
reading at the beginning of the period (z) the metameter would be (z—y), and it seemed 
to us obvious that this should be a better value to use, because it would tend to diminish 
the contribution made by animal variation to the total variance of response. This view 
was strengthened by our finding that y and z showed a high correlation in certain dosage 
groups chosen at random. It can, moreover, be demonstrated that this correlation also 
involves the correlation of (z—y) with both y and z, when y and z are both lineally related 
to the logarithm of the dose used. 

In certain ‘four-point assays’, the results of which will be reported elsewhere, we tested 
the above theoretical conclusion by calculating potency ratio (M) and its error (o%,) 
alternatively for each metameter. To our surprise we found that the error was con- 
siderably greater when M was based on (z—y) than when it was based on the observed 
values of y. For this statistical paradox we can offer no explanation, but it is clearly at 
present justifiable to base assays on the simple metameter y. 

A more detailed study of the test will involve investigating further the standard 
deviation of single observations, preferably by a suitably planned experiment and a 
subsequent variance analysis. More fundamental, however, is the problem that arises 
with several types of biological assay, and more especially with vitamin assays. The 
tests described in this paper, and certain comparative assays.to be reported elsewhere, 
are based on a prophylactic procedure: experience of other vitamin assays shows that a 
curative technique in most instances provides more information for a given amount of 
labour and material, including animals. The adaptation of the method described to 
animals ‘run out’ of vitamin P should not involve sérious difficulties and might well 
improve the test for routine purposes. 


We wish to express our thanks to Dr Harold Scarborough, with whom we have had 
many valuable discussions of the vitamin P problem in general and these tests in parti- 
cular, and to Miss H. Weil for technical assistance in the care and handling of the experi- 
mental animals. 


* Weare indebted to Prof. Lancelot Hogben for suggesting this useful term to designate the measurement, 
or transformation of the measurement, used in evaluating biological tests. 
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Recently, Soffer, Dantes, Grossman, Sobotka & Jacobs [1939] have reported that in 
hyperthyroidism the percentage of the total serum magnesium which is not ultrafilterable 
is significantly higher than in the serum of normal persons or of persons cured of hyper- 
thyroidism by thyroidectomy. In a group of 14 normal subjects they found that 3-22 % 
of the total serum Mg was not ultrafilterable and was thus apparently bound to protein. 
In a group of 31 cases of hyperthyroidism, however, the percentage thus bound varied 
from 21-5 to 61-6 % although the total serum Mg was unchanged. After treatment by- 
subtotal thyroidectomy the percentage of bound Mg fell again to normal values, varying 
in 12 cases from zero to 20-1%. 

These results appeared to indicate an association between the thyroid gland and Mg 
metabolism which had hitherto received litile attention. It seemed furthermore, that 
they might be correlated with the symptomatology of hyperthyroidism, for the rise in 
bound serum Mg in this condition was associated with a drop in the concentration of 
ultrafilterable, and so probably of ionizable Mg. In experimental animals a low serum 
Mg produced by Mg deficiency is frequently associated with hyperirritability of the 
nervous system and vasomotor instability, and both of these conditions are common in 
hyperthyroidism. The results claimed by this group of workers were therefore of con- 
siderable interest and merited careful confirmation. We have attempted such confirma- 
tion, but our results, in contrast to those of Soffer and his co-workers, show no difference 
in the percentages of bound and ultrafilterable Mg between the sera of cases of hyper- 
thyroidism and the sera of normal persons. Since our results were obtained Soffer, Cohn, 
Grossman, Jacobs & Sobotka [1941] have extended the earlier observations to a rather 
larger series though with less clear-cut results. Of 50 patients with hyperthyroidism 
15 were found to have a bound serum Mg within the normal range, that is, below 25%. 
The remaining 35 cases showed a bound serum Mg higher than was found in normals. 
No correlation was demonstrable between the bound serum Mg and the basal metabolic 
rate. Lavietes & Dine [1941] also, in a preliminary note, claim to have confirmed the 
main findings of Soffer et al. They suggest that Mg may be an integral part of the 
circulating thyroid hormone complex. 

In view of the interesting bearings of these suggestions we present here the details of 
our own negative findings since they indicate that an association between bound serum 
Mg and human hyperthyroidism cannot be regarded as fully established. 






































METHODS 


Serum was obtained by a uniform procedure, allowing venous blood to clot for 1 hr. at 
37° and for a further hour at room temperature. Calcium was precipitated from a 
trichloroacetic acid filtrate by oxalate in buffered solution at pH 5-0 and Mg was then 
precipitated from a known fraction of the supernatant fluid as the Mg ammonium phos- 
phate, the technique to this point being essentially that described by Peters & Van Slyke 
[1932]. The phosphate content of the washed Mg precipitate was determined colori- 
metrically using molybdate and stannous chloride according to the modified technique 
of Berenblum & Chain [1938] in which the blue colour is developed in isobutyl] alcohol 
solution. This modification was used for the final colorimetry because a more linear 
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correspondence was obtained between colour and phosphate concentration than when 
the colour was allowed to develop in aqueous solution. Using this technique Mg could 
be determined in known aqueous solutions with an error not exceeding 3% when the 
original concentration corresponded to that of a protein-free serum filtrate. Known 
quantities of Mg added to serum could also be recovered with an error not exceeding 3%. 

Ultrafiltration was done on a part of each sample of serum, using a ‘300’ cellophane 
membrane and an approximately constant air pressure .of about 2} atmospheres. The 
Mg contents of known aqueous solutions were unaltered by this process and no change 
in the Mg contents of serum ultrafiltrates took place when they were passed a second 
time through a cellophane membrane. Mg was determined in the ultrafiltrates by the 
same technique as was used for the trichloroacetic acid filtrates of the original serum. 
All ultrafiltrates were shown to be protein-free before analysis. Mg estimations in both 
serum and ultrafiltrates were done in duplicate and agreement was within 4%. 


RESULTS 


A series of 17 normal subjects has been examined. It consisted of 13 women and 4 men 
all of whom had been admitted to hospital for appendicectomy or hernia repair and 
from whom blood was taken a few days before discharge from hospital and never less 
than 10 days after operation. In all cases convalescence had been quite uneventful. 
With three exceptions their ages were between 15 and 28 years. Total serum Mg was 
found to be relatively constant, the extremes being 1-75 and 2-45 mg./100 ml. and the 
mean 1-99 mg./100 ml. Ultrafilterable Mg was more variable. In 13 of the 17 cases it 
lay between 1-07 and 1-60 mg./100 ml. but of the remaining four, one was 2-10 and the 

. other three 0-5, 0-87 and 0-94 mg./100 ml. The mean value for the whole group was 
1-25 mg./100 ml. The bound or non-diffusible Mg, obtained by difference, varied from 
0-23 to 1-27 mg./100 ml. with a mean of 0-74. Expressed as a percentage of the total 
serum Mg, the non-diffusible fraction represented 14-2-56°% with a mean of 37% of 
the total. ; 

In hyperthyroidism comparable figures have been obtained in a series of 24 cases 
composed of 20 women and 4 men. The basal metabolic rate varied from +75 to +16%, 
but in all except 4 cases exceeded +23%. The mean figure was +39:-4%. Blood 
samples were all taken in this group before any Lugol’s iodine had been given. Total 
serum Mg varied from 1-35 to 2-50 with a mean of 1-88 mg./100 ml. Ultrafilterable Mg 
ranged from 0-66 to 1-66 with a mean of 1-22 mg./100 ml. and bound Mg, varying from 
0-21 to 1-00 mg./100 ml., represented 15-57% of the total with a mean of 35%. In 
13 of these cases fresh determinations of the bound Mg were made after 12-14 days on 
Lugol’s iodine and before thyroidectomy. No consistent change was observed; in some 
the bound fraction rose, in others it fell. The range was wide, from 8-7 to 57% of the 
total, but the mean figure was 37-:3%. 


Table 1. Results of the present investigation 


Mean serum Mg, mg./100 ml. Percentage 
No. of A of total Mg 
Type of case cases Total Filterable Bound bound 
Normals 17 1-99 1-25 0-74 37-0 
Hyperthyroidism 24 1-88 1-22 0-67 35-0 
Hyperthyroidism after iodine 13 1-83 1-15 0-68 37°3 
Hyperthyroidism after operation 18 2-03 1-32 0-71 35:8 
Anxiety states 4 2-12 1-41 0-71 33-3 
Results of Soffer et al. [1939] for comparison 

Normals 14 2-52 2-15 - 0:37 14-5 
Hyperthyroidism 31 2-44 1-58 0-86 36-0 
Hyperthyroidism after iodine 13 2-54 1-92 0-62 24-0 


Hyperthyroidism after operation 12 2-61 2-24 0-37 13-7 
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In 18 of the original 24 cases further blood was obtained for analysis 10 days or more 
after the operation of subtotal thyroidectomy. The post-operative basal metabolism was 
determined in 12 of these cases and gave a mean value for the group of +3°%. Bound 
Mg again varied within wide limits (10-60%) but the mean figure was 35-8%. In 
individual cases the effect on the bound Mg in the serum of relief of the hyperthyroidism 
was quite inconstant and unpredictable. In one there was a rise from 20 to 60, in another 
a fall from 50 to 30%, and in yet other cases there was no appreciable change. 

In order that our results may be compared with those of Soffer et al., both are 
summarized in Table 1. 

Discussion 


The results in our own series of cases are in marked contrast to those of Soffer et al. 
Although variations occur in the Mg values for individual cases under each heading, yet 
when averages are taken there is essential uniformity in all groups. The differences in 
free, bound and total serum Mg between normal persons and those suffering from hyper- 
thyroidism are very small and scarcely exceed the experimental error. We do not regard 
them as indicating any significant deviation from the normal in hyperthyroidism. After 
treatment with iodine, and again after thyroidectomy, the figures are also essentially 
the same as those found in normal subjects. The figures of Soffer e¢ al. differ from 
our own in two respects. First their total serum Mg values average about 0-5 mg./100 ml. 
higher than our own for all groups. Since these differences occur in all groups it seems 
possible that they are due to differences of technique. Our own averages of 1-8 to 
2-1 mg./100 ml. correspond well with figures obtained by one of us in a previous investi- 
gation [Cope, 1935-6]. It is possible that differences in the manner of separation of the 
serum account for Soffer’s higher values. In the partition of ultrafilterable and bound 
Mg their figures agree with our own for untreated hyperthyroidism ; the discrepancy lies 
mainly in the figures for normal and post-thyroidectomy cases. In these groups Soffer 
et al. found much lower proportions of bound Mg than we did. The reasons for these 
differences in result are not clear. It does not seem possible to explain them on a basis 
of differences in method of estimation of the Mg concentration. In preparing our ultra- 
filtrates we used a thinner grade of cellophane (300) than did Soffer e¢ al., ‘but our 
ultrafiltrates were always protein-free and the Mg fraction retained was not altered by 
a second ultrafiltration. It is difficult to believe that our thinner membrane was re- 
taining more bound Mg than their thicker one but we have nevertheless investigated 
the point. Four batches of serum were obtained from normal subjects and two separate 
ultrafiltrates were made from each, one with ‘300’ and the other with ‘600’ cellophane, 
the latter being the thickness used by Soffer. The Mg concentrations in both ultrafiltrates 
were found to be practically the same. The differences were within experimental error 
and were quite inadequate to explain our failure to obtain results similar to those of 


Soffer et al. 
Cellophane ‘300’ Cellophane ‘600’ 
; Total serum eo oe 
Sample mg. Free Bound Free Bound 
2-25 1-55 0-70 (31%) 1-51 0-74 (32-9°%) 
1-76 1-35 0-41 (23%) 1-36 0-40 (22-7 %) 
2-08 1-40 0-68 (32-8 %) 1-38 0-70 (33-8%) 
1-92 . 106 0-87 (445%) 1-15 0-77 (40-:0%) 
Mean 2-00 1-34 0-66 (32-83% 1-35 0-65 (32-4% 





From our own observations we must conclude therefore that there is no deviation 
from the normal in the amount of Mg bound to protein in the serum of persons with 
hyperthyroidism, and further, that this fraction is not appreciably influenced by iodine 
administration or by thyroidectomy. This being so it does not seem possible to attribute 
the hyperirritability of the nervous system in this disease to a deficiency of ionizable 
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Mg in the blood serum. Nor do our results support the suggestion that the bound Mg 
may be part of the thyroid hormone complex, for no relation has been found between 
the severity of the hyperthyroidism as judged by the basal metabolic rate or the sleeping 
pulse rate, and the amount of bound Mg in the blood serum. 


SUMMARY 


An investigation has been made of a recent claim that in hyperthyroidism the percentage 
of the total serum Mg which does not pass through an ultrafilter and is apparently 
bound to protein, is significantly higher than in normal persons or in persons cured 
of hyperthyroidism by operation. 

No confirmation of this claim has been obtained, the ultrafilterable and non-ultra- 
filterable fractions of the serum Mg having been found esseritially the same in 
hyperthyroidism, either before or after treatment, as in normal persons. 
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49. Bacterial Inhibition by Metabolite Analogues 
4. Analogues of Pantothenic Acid 


By Henry Mcllwain', Department of Bacterial Chemistry (Medical Research Council), 
The University of Sheffield 


(Received 14 April 1942) 


The production of growth-inhibiting agents by suitably modifying the structures of 
growth-promoting substances has been shown to be feasible by previous investigations 
(McIlwain [1940; 1941a]: considered as parts 1 and 2 of the present series). In these 
cases evidence was obtained which showed that the inhibitory analogues produced their 
effects by limiting the organism’s use of the corresponding essential substances. Panto- 
thenic acid was chosen as subject for extending these investigations as it is essential for 
the growth of many disease-causing organisms: for Streptococcus haemolyticus, for Diplo- 
coccus pneumoniae [Rane & Subbarow, 1940]; for initial growth of Staphylococcus aureus ; 
for Clostridium tetani [Mueller & Miller, 1941] and Clostridium welchii [Tamura, Tytell, 
Boyd & Logan, 1941]; for certain strains of Corynebacterium diphtheriae [Evans, Handley 
& Happold, 1939], some members of the Pasteurella [Berkman, Saunders & Koser, 1940] 
and Brucella [Koser, Breslove & Dorfman, 1941] groups and for Proteus morgani [Pelcezar 
& Porter, 1940}. 

The analogues tested are related to pantothenic acid (I) in the following ways. 

(a) Homologues. The belief that compounds so related might be inhibitory was based 
on the report of Robinson [1940] that a f-tri-substituted propionic acid was inhibitory 
to growth of Mycobacterium tuberculosis of which phthioic acid, a trisubstituted acetic 
acid, is a normal constituent. Inhibition of succinic dehydrogenase by malonate affords 
a further example, and more recently ethionine, C,H;.S.CH,.CH,.CH(NH,)COOH, has 
been found to limit bacterial growth by competition with methionine [Harris & Kohn, 
1941]. y-Hydroxy-n-butyryl-8-alanine, (II), a bisnordesoxypantothenate; y-hydroxy- 
n-valeryl-B-alanine (III), an isonordesoxypantothenate; homopantothenate, (IV) and a 
desoxypantothenate (V) were accordingly tested. 

(6) Related olefin. Fildes [1941] showed that indoleacrylate inhibited bacterial 
growth by virtue of its relation to tryptophan. The structure of pantothenate precludes 
the production of an olefin by simple elimination of H,O or NH;, but dehydrohomo- 
pantothenate (VI), which is so related to homopantothenate, was tested. 

(c) Sulphonic acids and sulphonamide. Several models are available: Woods [1940] 
showed sulphanilamide inhibition to be related to p-aminobenzoic acid; some aliphatic 
#-aminosulphonic acids inhibit by virtue of their relation to «-aminocarboxylic acids 
[McIlwain, 1941a], and pyridine-3-sulphonic acid and its amide by their relation to 
nicotinic acid and derivatives [McIlwain, 1940]. The latter instance served as model for 
Snell’s [1941] production of an inhibitory analogue of pantothenic acid, which was pub- 
lished while these investigations were in progress. Analogue VII, which it is proposed 
to call pantoyltaurine (pantoic acid=«:y-dihydroxy-f:8-dimethylbutyric acid) is the 
analogue investigated by Snell. Detailed results of its effects on pathogenic organisms 
have been reported elsewhere [McIlwain, 19426] and are referred to here for comparison 
only. In addition, the corresponding sulphonamide (pantoyltauramide, 1X) and a homo- 
logue (homopantoyltaurine, VIII) have now been tested. Taurine and taurine amide, 
which are the sulphonic acid and sulphonamide corresponding to f-alanine, a component 
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of pantothenic acid and itself essential for growth of some strains of C. diphtheriae, were 
previously examined [MclIlwain, 1941 a]. 

This work was undertaken in order to find therapeutically useful inhibiting agents, 
but opportunity was also taken to investigate the structural specificity of pantothenate 
for bacterial growth, and the manner in which it and the analogues act. 










EXPERIMENTAL 


The analogues were prepared by Dr J. W. Barnett & Mr F. A. Robinson [1942]. Com- | 
pounds ITT, IV, VII, VIII and IX were racemates. (+)Pantothenate was supplied by 
Merck and Co., Inc. In testing, solutions were sterilized by filtration and these and 
other materials added aseptically to the basal media described later, in a final volume of 
10 ml. The highest concentration of inhibitor usually tested was 2 x 10-3M. The media 
were then inoculated lightly (c. 100 organisms/ml.) and incubated at 37° in 5% CO,-air. 
The effects of the addenda were judged during the next 7 days by comparing the opacities 
of these cultures with those of controls grown at the same time. Other bacteriological 
details, concerning the organisms described here, have been given elsewhere [McIlwain, 
19425]. 
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A. Streptococcus haemolyticus 


This organism was shown to require pantothenate by fractionating a liver concentrate 
necessary for its growth in a casein hydrolysate medium [MclIlwain, 1939] and this panto- 
thenate-free basal medium has been used in the present work. Five streptococci repre- 
senting groups A and C uniformly required the addition of 10-7 M or more pantothenate 
for optimal growth. 

The taurine analogues VII, VIII and IX, each completely inhibited the organisms in 
the presence of 10-7 M pantothenate, but different quantities of the different compounds 
were necessary. The inhibition produced by each analogue was related to pantothenate: 
it could be prevented by addition of a further quantity of it. Such addition need not 
be made immediately; after a day’s incubation with minimal optimal pantothenate and 
an inhibitory quantity of pantoyltaurine, further pantothenate allowed growth in the 
usual time. The effect of the inhibitor is thus bacteriostatic rather than bactericidal. In 
the presence of adequate pantothenate and excess of a taurine analogue the organisms 
therefore appear to be suffering from the same deficiency as in the absence of both. 
Reversal of the inhibition was investigated in detail in the case of pantoyltauramide 
and found to be specific, among known nutrients, to pantothenate. A concentration of 
pantoyltauramide double that just necessary for bacteriostasis was not antagonized by 
higher concentrations of glucose, of 14 amino-acids, nicotinamide, aneurin, riboflavin, 
adermin, glutamine and biotin (which substances, like pantothenate, are necessary for 
growth of streptococci) or by pimelate, choline and p-aminobenzoate. The components 
of pantothenate, B-alanine and pantoate, were also ineffective. A similar high degree 
of specificity has been found with pantoyltaurine. It therefore appears that the aim of 
limiting the organism’s use of pantothenate has been achieved in these compounds. 

The quantities of pantoyltauramide necessary for bacteriostasis in the presence of 
different concentrations of pantothenate showed a typical regularity which is recorded 
in Table 1. The presence or absence of growth was conditioned by the relative concen- 


Table 1. Interrelations between pantoyltauramide and pantothenate 
in growth of Strep. haemolyticus 


Substances added 
Growth after 


(+)Pantothenate, dl-Pantoyltauramide, a A- . 
M x10-5 18-20 hr. 26-28 hr. 2 days 4 days 
0 ++++ 
0 +++ F+++ 
0 ++ a+ 
0 0 
100 +++ 
100 0 
20 


20 


8 ++++ 
8 0 


0 


trations of the two compounds, and not by the absolute amount of either present. No 
growth took place when the ratio M pantoyltauramide/M pantothenate was 2000 or 
more. Such quantitative interrelations between the concentrations (C;) of an inhibitor 
just preventing growth in the presence of concentrations (C,;) of growth-promoting 
substances have now been frequently encountered. The term antibacterial index is pro- 
posed for the minimal value of the ratio C,/Cy at which growth is prevented by such 
inhibitors [McIlwain, 19426]. The antistreptococcal index of pantoyltauramide is thus 
2000 ; that for homopantoyltaurine was similarly found to be 20,000 and for pantoyltaurine 
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was 500 (Table 4). It is not always possible to give a single number as the antibacterial 
index of an inhibitor, but the values are of use in: comparing the effectiveness of inhi- 
bitors, and in calculating the quantity of inhibitor necessary for antibacterial action in 
the presence of a known amount of metabolites, e.g. in animal tissues. Some values are 
available for the pantothenate content of such materials [Pelezar & Porter, 1941; Wright, 
McMahan, Cheldelin, Taylor, Snell & Williams, 1941]; the activities of those tested in 
antagonizing pantoyltaurine are consistent with their pantothenate contents and with 
in vivo activity of the inhibitor. 

Pantoyltauramide was equally inhibitory to anaerobic growth of streptococcus. 

y-Hydroxy-n-butyryl-B-alanine and the corresponding valeryl derivative were the only 
other analogues inhibitory to streptococcus (see Table 3). Their effects were small and 
not reversed by pantothenate; the compounds have been more fully studied in con- 
nexion with Bact. coli. The non-inhibitory analogues were examined for growth-promoting 
activity, by attempted growth of streptococcus on their addition to the pantothenate- 
deficient medium. The same small activities were found which are discussed under 


P. morgani. 
B. Diplococcus pneumoniae 


The nutritional requirements of this organism are not yet defined, and the most satis- 
factory medium found for demonstrating the effects of the present compounds was that 
used for Strep. haemolyticus with the addition of choline (10-5M) and 2-5 % of plasma. 
This latter contributed a small quantity of pantothenate sufficient only for little or no 
growth. Pantothenate was therefore added, and the organism’s requirements were 
practically the same as is recorded in Table 1 for streptococci. 

Pneumococci were slightly less susceptible than streptococci to inhibition by panto- 
thenate analogues. No marked differences were found between different strains when 
representatives of Types I, II and III were examined. y-Hydroxy-n-butyryl-f-alanine 
was not inhibitory, but the taurine derivatives were so. The inhibitions of both pantoyl- 
taurine and pantoyltauramide were not so intense as with streptococci but showed the 
same competitive character; the antipneumococcal indices of the compounds were 1000 
and 10,000 respectively. 

C. Corynebacterium diphtheriae 


This organism is of particular interest in relation to pantothenate requirements as Evans 
et al. [1939] found that only certain exacting strains require the compound. Others are 
less exacting in that they can synthesize it if grown in the presence of S-alanine; this 
compound, but not the whole pantothenate molecule, is essential for their growth. 
Gradations from absolute need for pantothenate to its complete replacement by f-alanine 
have been encountered in the present work. 

The basal medium [MclIlwain, 19426] was similar to that used for streptococcus. 
Results in an amino-acid medium were comparable in the cases examined. The effects 
of the analogues varied markedly with different strains, and as is shown in Table 2 were 
correlated with their pantothenate requirements. Inhibition with pantoyltauramide was 
strongest with the strains (G1, G1156 and GW1) which most needed pantothenate in 
growth, and did not occur with those (R7, R20) which were independent of added 
pantothenate. Inhibition was of the same competitive character as with streptococcus 
and with the strain G1 was investigated in sufficient detail to establish that 2000 times 
the quantity of pantoyltauramide was necessary for inhibition; 400 times had little 
effect. Inhibition was not as permanent as with streptococcus. f-Alanine contributed 
to pantoyltauramide-reversal with all susceptible strains, including in some cases that 
for which it was not a growth factor. 

The C. diphtheriae strains thus afford a further example of the correlation of drug- 
fastness in bacteria with lesser nutritional needs and greater synthetic abilities. Similar 
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Table 2. Growth requirements and inhibition of C. diphtheriae strains 
Substances added Growth after (days) 


Strain Promoter, M x 10-7 Inhibitor, M x 10-* 
G1, 0; or, B-alanine, 10 0 0 


mitis (+)Pantothenate, 1 0 
. 0 bet. +++ 


0 +++ 
y-Hydroxy-n-butyryl-f-alanine, 1 +++ 
dl-Pantoyltauramide, 1, 0-2 0 +++ 
” ” 0-04 + b+ 


Gwl, 0 0 0 
gravis  B-Alanine, 5000 0 raed ter 
(+)Pantothenate, 1 0 re re 
” 1 y-Hydroxy-n-butyryl-f-alanine, 1 +++ 
” 1 dl-Pantoyltauramide, 1 ee 


Ri, 0 0 0 
mitis 8-Alanine, 100 0 dis aha ake 
(+)Pantothenate, 1 0 orl lola 
‘a 1,100 y-Hydroxy-n-butyryl-8-alanine, 0 
” 1 ” 
* 1 dl-Pantoyltauramide, 1 


” 
” 
” 


” 


++++ +4++4++4 
++++ +4+4++ 


2 
0-2 


++O+49°00° 


Strain G1156, mitis, grew with B-alanine in place of pantothenate more slowly than did GW1, and was 
affected by the analogues in a manner similar to G1. Strain R20, gravis, grew as rapidly with f-alanine 
as with pantothenate, and was not inhibited by pantoyltauramide; unlike R7, it was also not inhibited 
by y-hydroxy-n-butyryl-f-alanine. 


phenomena were encountered in normal and trained strains of Staph. aureus and Bact. 
typhosum: the normal strains required amino-acids and were inhibited by «-amino- 
sulphonic acids, while the trained strains, synthesizing their own amino-acids, were not 
inhibited [McIlwain, 194la; 1942a]. 

y-Hydroxy-n-butyryl-B-alanine was also inhibitory to the C. diphtheriae strains 
(Table 2) to varying degrees, but its action was not entirely correlated with their 
pantothenate needs or with their susceptibilities to the taurine derivatives. Panto- 
thenate did not reverse its inhibitions. The hydroxyvalery] analogue also inhibited. 


D. Bacterium coli 


Four strains were examined and found to differ little in rate of growth or degree of 
inhibition. Added pantothenate did not accelerate their growth in the ammonium 
lactate medium of Fildes [1938] nor with the addenda given elsewhere [MclIlwain, 19415] 
though growth was suboptimal in the former case. The effects of the analogues were 
examined in the ammonium lactate medium and are summarized in Table 3. 


Table 3. Summary of inhibitory effects of pantothenate analogues 


Duration of inhibitions (days) with 
eee te 





C. diphtheriae 
c e ~ 
Substances added to . P. PF: Staph. Non- ; Pneumo-  Strepto- 
basal media M x10-% vulgaris morgani aureus exacting Exacting —§ coccus coccus 
>7 0 : 0-5 <1 0 1-2 
” ” AT 0 0 0 0 0 
y-Hydroxy-n-valeryl-8-alanine >7 0 } -_—-—- — _-— 1 
8 24 0 -— 0 
— — aes 0 
—-—— 0 
ogni 0 
n ees J 
0 Inhibited; see text 


y-Hydroxy-n-butyryl-B-alanine 


d-Homopantothenate +f — 0 
Desoxypantothenate } —_-—— 0 _ — 
Dehydrohomopantothenate PES 0 a 


d-Pantoyltaurine 
d-Pantoyltauramide f : 0 
d-Homopantoyltaurine 
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y-Hydroxy-n-butyryl-B-alanine and the valeryl derivative. were the most effective in- 
hibitors and the former was examined in detail. Its inhibition (10-*, 2 x 10-4M solution) 
was not prevented by pantothenate concentrations of 10-§ to 2x 10-*M. Its action, 
however, probably bears some relation to pantothenate as y-hydroxy-n-butyric acid 
and f-alanine were not inhibitory in concentrations sufficient for complete inhibition 
by their condensation product. The inhibition was shown only under the suboptimal 
nutritional conditions of the ammonium lactate medium and was prevented by addition 
of small quantities of natural materials. Such were: hydrolysed edestin or tryptic casein, 
of whith 40ug./ml. prevented the action of 4x10-4M (c. 100ug./ml.) y-hydroxy-n- 
butyryl-8-alanine; or marmite, of which 200yug./ml. were necessary. This quantity of 
inhibitor alone prevented growth for over 5 days; the other materials stimulated growth 
when added alone. This degree of inhibition was partly prevented by the addition of 
glucose and completely by the further addition of pure amino-acids. Pyruvate, B-alanine, 
asparagine and pantoate were without action. It is concluded that if inhibition of Bact. 
coli by this analogue bears any relation to pantothenate, it is a non-competitive one which 
secondarily affects many compounds and is not susceptible to detailed analysis by the 
present methods. The inhibition caused by the hydroxyvaleryl derivative was also 
unaffected by pantothenate; y-valerolactone was itself found inhibitory. 

The taurine analogues did not inhibit any strain of Bact. coli which was examined; in 
this the latter differs markedly from organisms previously described. This might be due 
to (a) destruction of the inhibitor during growth, (b) production of a high pantothenate 
concentration in their cultures during growth or (c) other inherent differences, in enzyme 
make-up or in permeability. That (a) was not the case was shown by examining the 
effect on streptococci, with adequate pantothenate, of different dilutions of a sterile 
filtrate of Bact. coli grown in the presence of 2x 10-3 M pantoyltaurine. Streptococcal 
growth was inhibited to almost the same degree as by similar dilutions of 2 x 10-3 M 
pantoyltaurine itself. A filtrate from Bact. coli grown without pantoyltaurine did not 
inhibit streptococci in the dilutions compared. Considering (b), the filtrate from a normal 
Bact. coli culture was examined for pantothenate by adding different amounts to panto- ~ 
thenate-deficient streptococci and its growth-promoting activity was found to be equivalent 
to 2x 10-7M pantothenate. This concentration is inadequate to antagonize the effect on 
streptococci of concentrations of pantoyltaurine to which Bact. coli is resistant. Pantoyl- 
taurine may, however, provoke the organism to produce more pantothenate. That it 
does not do so to a marked extent was shown by attempting growth of streptococci in 
pantothenate-deficient media to which different quantities were added of a filtrate of 
Bact. coli grown in the presence of pantoyltaurine. No streptococcal growth occurred. 
The small difference recorded under (a) between the inhibiting action of such a filtrate 
and that of an equivalent pantoyltaurine dilution may be due to small pantothenate 
production or a little destruction of pantoyltaurine. (c) The suggestion that sensitivity 
differences may be due to different permeabilities of the organisms is difficult to approach 
experimentally but pantoyltauramide showed no difference in titre to streptococci when 
it, the inoculum and pantothenate were added in different orders and stood for different 
lengths of time, up to 2 hr., before incubation. Nor did such standing render Bact. coli 
sensitive to the inhibitor. The differences in sensitivity are probably best referred to 
enzyme systems concerned with pantothenate (see Discussion). 


E. Proteus vulgaris and morgani 


Table 3 shows that the effect of inhibitors on Proteus vulgaris (2 strains) is roughly the 
same as with Bact. coli. A partial reversal of the inhibition of the hydroxybutyryl de- 
rivative (2x 10-4M) with pantothenate (10-3M) was, however, observed. The taurine 
derivatives were inactive. 
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Proteus morgan requires pantothenate for growth [Pelezar & Porter, 1940] and limiting 
quantities (c. 2x 10-8 M) of the compound were present during testing of the analogues. 
Nevertheless no analogue in concentrations up to 2x 10-*M reduced the rate or mass 
of growth of the organism, though reduction in the quantity of added pantothenate was 
immediately evident. This insensitivity made it possible to test the ability of the com- 
pounds to replace pantothenate in growth. y-Hydroxy-n-valeryl-8-alanine, pantoyl- 
taurine and homopantoyltaurine caused no growth in 2x 10-3. solutions, and, as the 
organism is sensitive to 4x 10-®M pantothenate, they have <2 x 10-® of the activity 
of pantothenate. y-Hydroxy-n-butyryl-f-alanine, homopantothenate, dehydrohomo- 
pantothenate, desoxypantothenate and pantoyltauramide gave responses corresponding © 
to c. 5x 10-® of their concentration of pantothenate. Responses sometimes varied in 
different specimens of the same compounds and these figures must be regarded as 
maximal. The structural specificity of pantothenate is then very great. Previously re- 
corded results with other analogues and various organisms have shown only one com- 
pound (the w-hydroxy derivative) of the many tested to be markedly active [Mitchell, 
Weinstock, Snell, Stanbury & Williams, 1940; Mitchell, Snell & Williams, 1940; cf. also 
Reichstein & Griissner, 1940; Subbarow & Rane, 1939; Weinstock, May, Arnold & Price, 
1940; and Woolley & Hutchings, 1939]. 


F. Staphylococcus aureus 


Two unselected strains of Staph. aureus have been found to require pantothenate for 
growth within 2-3 days in an amino-acid medium based on that of Gladstone [1937]. 
Growth of the organism in pantothenate-deficient media has previously been found to 
be unaffected by pantothenate [Krauskopf, Snell & McCoy, 1939; Porter & Peleczar, 
1941] and sometimes under undefined conditions the present strains did not respond to 
the compound. The divergence has not been further investigated as organisms needing 
pantothenate for optimal but not for minimal growth were of particular interest in the 
present study; the strains required pantothenate throughout the present tests. 

The inhibitory effects of the analogues (Table 3) were similar to, but weaker than, 
those with Bact. coli and Proteus vulgaris. Homopantothenate, dehydrohomopanto- 
thenate and desoxypantothenate, capable of replacing pantothenate in P. morgani did 
so also, and to the same small extent, with staphylococcus. As was the case with Bact. 
coli, staphylococcus produced pantothenate during its slow growth in media not initially 
containing the compound, but in small quantities only; the final culture medium con- 
tained c. 10-§ M pantothenate. 


Discussion 


The function of pantothenate in growth of micro-organisms is not yet known. The 
finding that it affects the respiration of cells and tissues [Pratt & Williams, 1939] has 
been examined with respect to bacteria by Hills [1941] but the action has not been 
localized to particular systems or compounds. Other growth factors are known to affect 
metabolism in the role of coenzymes and the hypothesis that pantothenate, or derivatives 
of it, play such a part would be consistent with the small quantities adequate for growth 
and with its extreme specificity which has been emphasized in describing results with 
P. morgani, above. The inhibitions recorded in this account afford evidence of a different 
type for the suggestion that pantothenate takes part in essential enzyme reactions: the 
actions of pantoyltaurine, pantoyltauramide and homopantoyltaurine are clearly related 
to pantothenate, and their quantitative interactions have the character of competitive 
enzyme inhibitions. Such are probably due to an analogue occupying the active centres 
to which pantothenate must have access for normal activity. 

A. Taurine analogues: specificity to organism. All organisms susceptible to pantoyl- 
taurine are affected by pantoyltauramide and homopantoyltaurine where they have 
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been investigated. The susceptibilities of each organism to the three compounds are in 
the same order, pantoyltaurine being most inhibitory, pantoyltauramide less so and 
homopantoyltaurine least. This may be taken as indicating that the systems affected 
in streptococcus, C. diphtheriae and pneumococcus are similar. In strains of the latter 
organism, susceptibility followed pantothenate needs but P. morgani forms an excep- 
tion to a further such generalization. It is thus unlikely that the systems affected by 
the taurine analogues are the same in all organisms, for while the quantities of panto- 
thenate which exacting organisms need for optimal growth are approximately equal, 
the effects of a given inhibitor are markedly different (Table 4); e.g. P. morgani requires 


Table 4. Antibacterial indices of taurine analogues of pantothenate 


dl-Pantoyltaurine dl-Pantoyltauramide 
Molar ratio, Cy/Cy,, Molar ratio, C,/Cy,, 


necessary for necessary for 
A A 


= <a 
Total inhibition Total inhibition 
Partial ( =antibacterial Partial ( =antibacterial 
Organism inhibition index) inhibition index) 
Streptococcus haemolyticus 20-100 500 500 2000 
a ren So* 
~~ cus lactis +} 800-2600 8000 
ropionibacterium pentosaceum 
Diplococcus pneumoniae 200 1000 2000-10,000 — 10,000-50,000 
Corynebacterium diphtheriae 
Exacting (G1) 100 500 400 2000-10,000. 
Less exacting (GW 1, G1156) 500 5000 10,000 = 
Non-exacting (R7, R20) — — — 
Lactobacillus arabinosus* 280-300 1000-2000 


 panbiesers pentosus* ) 8000-26,000 133,000 
Leuconostoc mesenteroides* | 

Bact. coli | 

Proteus vulgaris 

Proteus morgani | 

Staph. aureus 


cS gr 


Shigella paradysenteriae*) 
Brucella abortus* j 


The sign — indicates that inhibition was not observed with the highest ratio tested. 
* Calculated from the data of Snell [1941]. 


practically the same quantity of pantothenate as the sensitive streptococcus, which is 
inhibited by 1/100th of the quantity of pantoyltaurine to which morgani is insensitive. 
The interpretation favoured, and expressed in the antibacterial indices—that panto- 
thenate and, e.g., pantoyltauramide have in different organisms different relative affinities 
for essential enzymes—does not in itself imply functional similarity or dissimilarity in 
such enzymes. 

The insensitivity of organisms not needing pantothenate was discussed under Bact. 
coli and it was concluded that resistance is not due to secondary effects such as destruc- 
tion of the inhibitor, but to inherent factors which were not the production of large 
quantities of pantothenate. Sensitivity in different organisms is not completely corre- 
lated with any morphological, biochemical or staining characteristic normally used in 
bacteriological classification. Indeed all gradations, from complete insensitivity to inhi- 
bition of the highest degree encountered, are exhibited by strains of the one organism, 
C. diphtheriae. A correlation so far without exception is that all sensitive organisms 
require added pantothenate for optimal growth. This was particularly well marked in 
the C. diphtheriae strains, though again pantothenate production by the resistant strains 
was insufficient to antagonize the effects of a taurine analogue on a sensitive organism. 
This suggests that pantothenate produced in situ is a more effective reversing agent 
than that added. It is conceivably produced in the right place at the right time, ora 
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higher derivative which may be the actual functioning compound is synthesized by a 
route not involving free pantothenate. Parallel cases are the insensitivity of trained 
staphylococcus and Bact. typhosum to «-aminosulphonic acids, while their parent strains 
are inhibited in the presence of quantities of amino-carboxylic acids sufficient for normal 
growth. The same argument would apply to the insensitivity of Bact. coli to pantoyl- 
tauramide, but that of P. morgani cannot so be explained. Among other inhibitors, 
pyridine-3-sulphonamide affects organisms requiring added nicotinic acid, but not one 
which does not need the compound. Sulphanilamide, however, inhibits organisms not 
needing added p-aminobenzoic acid, as well as those which do [Rubbo & Gillespie, 1942]. 

B. Taurine analogues: structural specificity. The different degrees of inhibition of a 
given organism by the taurine analogues have been taken as indicating that these com- 
pounds have different affinities for enzymes utilizing pantothenate. Estimates of these 
affinities may be made by supposing that, at concentrations giving partial inhibition, 
the ratio Cy/Cy, (see p. 419) is that of their Michaelis constants (K,,). This would be 
exactly so at Cy values giving half the normal enzyme velocities but the present methods 
do not measure such velocities ; they give their indirect effects on growth. Taking a panto- 
thenate concentration giving suboptimal growth (10-*M, Table 1) as the approximate 
Ky (pantothenate, streptococcus system) then the Km (pantoyltaurine, streptococcus 
system) is about 10-°M and for pantoyltauramide about 10-°M. Kym (pantoyltaurine, 
P. morgani system) is presumably >2x10-*M. In distinction to these computations, 
the antibacterial indices of the inhibitors are practical values straightforwardly deter- 
mined but difficult to assess theoretically. Reactions are not stopped completely- by 
competitive inhibition and the complete bacteriostasis represented by the antibacterial 
index is presumabiy due to the rate of essential reactions dependent on pantothenate 
being lowered, not necessarily greatly, but to values below critical levels necessary for 
growth. Pantothenate is known to affect, directly or indirectly, reactions with many 
compounds [Hills, 1941] and observations of the effects of substances on gross bacterial 
growth cannot be expected to be interpreted in terms of only the enzymes primarily 
affected [cf. Harris & Kohn, 1941]. 

That pantoyltaurine is a more effective inhibitor than its amide, pantoyltauramide, 
is in contrast to the greater inhibitory powers which sulphanilamide possesses ‘over 
sulphanilic acid. The compound affected by sulphanilic acid, p-aminobenzoic acid, is, 
however, a slightly weaker acid (pK 4-9) than is pantothenic acid (pK 4-4), though 
properties of the whole molecules are probably involved [cf. Albert & Goldacre, 1942]. 
Inhibitions by pantoyltaurine and the amide are both of the same type, i.e. competitive, 
unlike those of pyridine-3-sulphonic acid and its amide, which usually differed in type 
[McIlwain, 1940]. In the pyridine series it is probable, however, that the acid and amide 
inhibit most, effectively different reactions, the sulphonic acid interfering more with 
nicotinic acid and the sulphonamide with nicotinamide. A simple natural derivative of 
pantothenic acid is not known, though much of the compound is ‘bound’ in normal cells. 

Though the values for the antibacterial indices of pantoyltaurine show it to be a very 
effective inhibitor in comparison with, e.g. sulphanilamide, a very large excess of pantoyl- 
taurine is required to interfere with pantothenate. This is understandable if an enzyme 
system concerned is regarded as having evolved in connexion with pantothenate. 
Reaction with the enzyme is a necessary preliminary to functioning of a coenzyme, but 
all compounds so reacting would not be expected to function: this may be offered in 
explanation of the greater structural specificity found to be necessary for pantothenate 
analogues to function as growth factors, over that required for them to inhibit growth. 

C. y-Hydroxy-n-butyryl-B-alanine is the most inhibitory of the other pantothenate 
analogues examined. Its action appears complementary to that of, e.g., pantoyltaur- 
amide in that the two compounds most powerfully affect different groups of organisms 
(Table 3), though P. morgani is affected by neither and streptococcus by both. Its effect 
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is greatest on organisms not requiring pantothenate. This cannot be ontirely due to the 
richer media used in investigating pantothenate-requiring organisms (though the effect 
of y-hydroxy-n-butyryl-8-alanine on Bact. coli is antagonized by, e.g., tryptic casein), 
for of the several C. diphtheriae strains tested in the same medium, some are susceptible 
to the compound and others are not. Again, the strain requiring pantothenate was 
insusceptible and the most inhibited strain did not require the compound. One relevant 
metabolic difference between organisms requiring pantothenate and those which do not 
is that the latter’ synthesize the compound. The negative correlation between panto- 
thenate needs or pantoyltaurine inhibition, and y-hydroxy-n-butyryl-8-alanine-inhibition 
might then be explained if this compound inhibited pantothenate formation by virtue 
of its similarity to the product of an enzyme reaction. Such synthesis, in Bact. coli and 
the non-exacting C. diphtheriae strains, is unaffected by pantoyltaurine. Bacteriostasis , 
due to non-competitive inhibition of pantothenate formation should be reversed by 
addition of pantothenate; this is only rarely the case with inhibitions due to the hydroxy- 
butyryl derivative. There were, however, previous indications that added pantothenate 
was not equivalent to the functioning compound formed in situ (p. 424). Inhibition of 
the formation of such a compound provides a reasonable mechanism for the action of 
the hydroxybutyryl derivative. 

This discussion has shown the phenomena of inhibition by pantothenate analogues to 
be, in general, consistent with their acting by inhibition of enzymes concerned with 
pantothenate but has raised many points which can be settled only by techniques 
different from those employed here. Reasons have been given [McIlwain, 19426] for 
expecting pantoyltaurine to be active in vivo against susceptible organisms. This should 
apply also to pantoyltauramide in the case of streptococcus. 


SUMMARY 


Pantothenate must be supplied to many bacteria before growth will take place. The 
hypothesis that it is necessary because it takes part in enzyme reactions whose progress 
is necessary, to growth is supported by the present findings. Pantothenate-needing 
organisms cause many diseases; there is more than enough pantothenate for their growth 
in animal tissues. It might, however, be possible to prevent them from using it: on the 
above hypothesis, pantothenate, to be used by an organism, must react with a par- 
ticular part of it, and by analogy with other enzyme inhibitors it was expected that other 
compounds structurally related to pantothenate might displace it from the essential 
enzymes and prevent their functioning. Three such analogues did so, though they had 
less affinity for the enzymes than had pantothenate and needed to be present in many 
times its concentration to prevent growth. The compounds are pantoyltaurine, with an 
antistreptococcal index of 500 (i.e. 500 times the concentration of pantothenate present 
was required to prevent growth of streptococcus) and an antipneumococcal index of 
1000; pantoyltauramide with values of 100 and 10,000 and homopantoyltaurine which 
is less active. Only organisms needing pantothenate have been found susceptible to 
these compounds; thus, exacting strains of C. diphtheriae are inhibited, but not those 
which do not need added pantothenate. Other analogues were inhibitory to several 
organisms not needing added pantothenate; they also may act by interfering with 
pantothenate metabolism as such organisms synthesized the compound. 


I am greatly indebted to Mr D. E. Hughes for assistance throughout this work. 
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When wool is immersed in solutions of NaHSO, and then rinsed with water, some of the 
disulphide-S can be shown to have reacted as indicated in equation (1) [Elsworth & 
Phillips, 1938 a, 5]. 


R,.CH,.8.S8.CH,.R,+M,S0,=R, .CH,.SM+R,.CH,.S.80,0M. . (I) 


(R, and R,, polypeptide chains.) 

The optimum pH for the reaction is 5. Increasing the temperature, time of reaction 
or concentration of NaHSO, does not cause more than about one-third of the disulphide-S 
to react [Elsworth & Phillips, 1941]. The reaction is slowly reversed when the bisulphited 
wool is rinsed with cold water, but it is possible to free the treated wool from uncombined 
NaHSO, and to stop rinsing, when only small quantities of NaHSO,, arising by the 
reversal of reaction (1), are removed from the wool. 

In previous investigations, this procedure was followed because the presence of large 
quantities of uncombined NaHSO, in the treated, unrinsed wool would have interfered 
with the determination of SO, combined in S-cysteinesulphonate groups. The extent of 
the reaction can however be determined by hydrolysing the bisulphited wool with 5 N HCl 
[Elsworth & Phillips, 1938 a, b] when two thiol groups (see equations | and 2) are found 
in the hydrolysate for each disulphide group which reacts with NaHSQ,. 


HCl 
R,.CH,.8.SO,.0M——> R,.CH,.SH + MCI1+ H,SO,. (2) 


ixperiment showed that unchanged disulphide-S in bisulphited wool is not reduced 
even when wool éontaining relatively large quantities.of uncombined NaHSO, is hydro- 
lysed (see also Lugg [1933]). The reaction between NaHSO, and wool has therefore been 
re-examined, the bisulphited wool being analysed before and after rinsing with water. 
It has been found that in addition to the disulphide-S which reacts with NaHSO, to give 
thiol and S-cysteinesulphonate groups which are relatively stable to water, another 
fraction. of the disulphide-S reacts in a similar manner, but the thiol and S-cysteine- 
sulphonate groups produced revert to disulphide-S immediately the bisulphited wool is 
placed in water. 

We have been able to show that 50% of the original. cystine-S of the wool can be 
caused to react with NaHSO,, and of this 50% somewhat less than half gives water- 
unstable thiol and S-cysteinesulphonate groups. 

We have also found that when wool reacts with NaHSOg,, particularly above about 40°, 
another fraction of the disulphide-S is converted into non-disulphide-S. There appears to 
be a limit to the amount of disulphide-S that can be easily transformed in this manner. 
Under the experimental conditions we have employed this fraction is rather more than 
half the original cystine-S which fails to give thiol and S-cysteinesulphonate groups. 

( 428 ) 
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EXPERIMENTAL 
Material and methods 


Unless otherwise stated, the wool used in this investigation was a virgin Cape wool of 
about 64’s quality, cleaned without the use of soap by methods previously described 
{Elsworth & Phillips, 1941]. Before this cleansing, the tips were removed from the locks 
of wool, and during the cleansing discoloured and damaged fibres were removed by hand. 
Before.analysis, samples of untreated and treated wools were conditioned by exposing 
them to a controlled atmosphere of 21° and 70% R.H. until they attained constant 
weight. All analytical results are calculated on the weight of anhydrous wool taken for 
analysis. Determinations of total S were made by Barritt’s modification [1934] of the 
Denis-Benedict method and thiol-S and disulphide-S by Shinohara’s modification 
[1935 a, 6] of Folin & Marenzi’s method [1929]. Colorimetric determinations were made 
in a Spekker absorptiometer. Methionine-S was calculated from a determination of 
methionine by Baernstein’s method [1936]. Using these methods of analysis, the wool 
contained 3-69 °% total S, 3-25% disulphide-S, 0-0 % thiol-S and 0-10°% methionine-S. 
Hence 0-34% of the S is unaccounted for and is called non-disulphide-S. This term is 
applied throughout this paper to S which is not returned as either disulphide-S, thiol-S 
or methionine-S. 
The influence of the concentration of NaHSO; 


Weighed samples of the wool were immersed for 24 hr. at room temperature in fifty times 
their weight of NaHSO, solutions containing 1-0-16-0% SO,. Half of each sample 
(about 1g.) was passed through squeeze 
rollers to remove adhering solution and 
then hydrolysed for 4hr. with 5N HCl 
(20 ml.), and the thiol-S of the hydrolysate 
determined. The other half of each sample 
was rinsed in two changes of water (200 ml. 
per g.) adjusted to pH 5 with a trace of 
acetate buffer. It was then hydrolysed 
and the thiol-S content of the hydrolysate 
determined. The results are plotted against 
the SO, concentrations of the NaHSO, 
solutions in which the two sets of wool 
samples were bisulphited in Fig. 1. 

In order to show that the higher thiol-S 
contents of the hydrolysates of the unrinsed 
wools were not due to reduction of disul- 
phide-S by uncombined NaHSO, during 
hydrolysis, a sample of wool (about 1 g.) which had been immersed for 24 hr. in a solution 
of NaHSO, containing 16 % SO, and then rinsed, as described above, was hydrolysed with 
5N HCl (20 ml.) containing 0-2 g. NaHSO,. This quantity of NaHSO, would be present 
in the water retained by wool which had been immersed in a solution of NaHSO, con- 
taining 16% SO, and then passed through squeeze rollers. The thiol-S content of the 
hydrolysate was 0-99 %, whereas when the bisulphited and rinsed wool was hydrolysed 
in 5N HCl free from NaHSOg, the hydrolysate contained 0-98 % thiol-S. The presence of 
uncombined NaHSO, in the unrinsed bisulphited wools was not therefore responsible for 
the larger amounts of thiol-S which their hydrolysates were found to contain. The 
curve relating the thiol-S contents of the hydrolysates of the rinsed wools to the SO, 
contents of the bisulphite solutions is very similar to the curve obtained by Elsworth & 
Phillips [1941] using a commercial woollen fabric and a virgin Australian 64’s wool. 


Thiol-S in hydrolysate, % of dry wool 


012345 67 8 9 10 II 12 13 14 15 16 
% SO, in bisulphite solution 


Fig. 1. ©—© Unrinsed, bisulphited wool. 
@—@ Rinsed, bisulphited wool. 
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These wools contained respectively 3-60 and 3:42 % total S and 2-99 and 3-09 % disul- 
phide-S. The maximum amount of their disulphide-S which reacted with NaHSO, to 
give water-stable thiol and S-cysteinesulphonate groups was 1-0%, a figure identical 
with that given by the wool used in the present experiments. On the other hand, this 
wool reacted more quickly with the dilute NaHSO, solutions than did the wool of the 
commercial fabric: o 

The influence of the pH of the NaHSO; 


' Elsworth & Phillips [1938 a] showed that wool reacts most readily with bisulphite to 
produce water-stable thiol and S-cysteinesulphonate groups at about pH 5; in solutions 
more acid than pH 3 or more alkaline than pH 6 far fewer disulphide groups reacted. 
We have repeated this experiment in order to see whether the production of water- 
unstable thiol and S-cysteinesulphonate groups is similarly influenced by the pH of the 
sulphite. 

Samples of wool were wetted with a dilute solution of sulphonated castor oil, rinsed in 

water and then soaked in a series of buffer solutions of increasing pH. They were then 
squeezed and immersed in a hundred times . 
their weight of NaHSO, solutions of the same 
pH values as the buffer solutions in which 
they were soaked. These bisulphite solutions 
contained 3-87 % SO, and were adjusted to 
the required pH values by the addition of 
either 0-5°% sodium acetate or 0-5°% sodium 
borate. After 18 hr., the samples (each of 
about 0-5 g.) were removed from the bisulphite 
solutions, and passed through squeeze rollers. 
One-third of the samples was not rinsed. 
Another third was immersed, for a total period 
of $ hr., in three changes (each of 200 ml.) of 
buffer of the same pH as the bisulphite solu- 
tions in which they had been treated. The 
remaining third of the samples was also im- Fig. 2. ©—@ Unrinsed, bisulphited wool. +—+ 
mersed in three changes of buffer, but the  Rinsed, bisulphited wool. x— x Labile fraction 
total time of immersion was 4 hr. instead of _ *" ™»tinsed bisulphited wool (by difference). 
4 hr. The thiol-S contents of the hydrolysates of the unrinsed bisulphited wools and_of 
the bisulphited wools that had been rinsed for } hr. are plotted in Fig. 2 against the 
initial pH values of the solutions in which they were bisulphited. The analyses of the 
hydrolysates of the bisulphited wools after 4 hr. immersion in buffers and the pH values 
of the bisulphite solutions in which they were treated are given in Table 1. 





Thiol-S in hydrolysate, % of dry wool 


Initial pH of sulphite solutions 


Table 1. The sulphur distribution of the hydrolysates of wools bisulphited at different 
pH values and then immersed for 4 hr. in buffers of the same pH values 


pH of bisulphite 


No. of wool eA Disulphide-S Thiol-S Non-disulphide-S 
sample Initial Final % % % 
1 1-22 1-12 2-82 0-34 0-43 
2 3-26 3-10 2-50 0-64 0-45 
3 5-22 5-06 2-56 0-56 0-47 
4 6-98 6-83 2-78 0-47 0-34 
5 8-18 8-07 2-88 0-36 0-36 


Fig. 2 shows that the amounts of both the water-stable and water-labile thiol and 
S-cysteinesulphonate groups produced when wool is treated with NaHSO, are dependent 
on the pH of the sulphite solution. The optimum pH is 5 probably because at this pH 
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sulphite solutions contain the highest concentration of NaHSO,. The curve relating to the 
water-stable groups is similar, although at a higher level, to that obtained by Elsworth & 
Phillips [1938 a]. From Fig. 1, the bisulphite solution used in these experiments (3-87 % 
SO,) should have given, at pH 5, a wool containing 1-50% of S as thiol and S-cysteine- 
sulphonate groups, and of these an amount equivalent to 0-49 % S would be water-labile. 
Actually a total of 154% of S reacted of which 0-46% gave water-labile thiol and - 
S-cysteinesulphonate groups. 

Rinsing the bisulphited wools for 4 hr. (Table 1) instead of 4 hr., lowers the S present 
as water-stable thiol and S-cysteinesulphonate groups from 1-08 to 0-56 °% in the wool 
bisulphited at pH 5, but has less effect on the wools bisulphited at higher or lower pH 
values. The non-disulphide-S of the original wool was 0-34 °% and the non-disulphide-S 
increases slightly during treatment with NaHSO,. 


The formation of non-disulphide-S when wool is treated with solutions of NaHSO; 


Elsworth & Phillips [1941] showed that the action of NaHSO, on wool, particularly 
above 40°, caused the non-disulphide-S fraction to increase at the expense of the disul- 
phide-S fraction. Analyses of various treated wools made during the present investigation 
suggested that the non-disulphide-S could increase to about 1-0 %, but it was difficult to 
produce wools containing more than this amount. Some of the analyses on which this 
conclusion is based are collected in Table 2 


Table 2. Sulphur distribution of hydrolysates of bisulphited wools 
Non- 
Disulphide- S Thiol-S_ disulphide-S 
% % % 
. Untreated wool 3-25 0-00 " 0-34 
Rinsed with 1% HCHO 1-99 0-49 1-11 


2. Wool exposed to 20% at pH 1-2 


Fd Rinsed with 1% HCHO 2-81 0-11 0-67 
at pH 9-2 
Riased with water 1-93 0-92 0-74 


NaHSO, for 24 hr. at room - I 
. Wool exposed to 20% s Rinsed with 1% HCHO 2-56 0-00 1-03 


temp. 


NaHSO, tor 72 hr. at room (pH 5-6) at 70° 

temp. Ce 0-73 1-86 1-00 
Rinsed with water 1-82 0-76 1-01 
} Rineed with water 1:72 0-81 0-97 


) oH 9-0) for 2 hr. 
(c) Unrinsed 0-67 1-76 1-10 


. Wool boiled with 5° 
NaHSO, for } hr. 


The non-disulphide-S in the hydrolysate of the untreated wool was 0-34 % and in six 
out of eight experiments this increased to about 1-0 %, irrespective of the type of after- 
treatment. Rinsing with either alkaline or acid 1% HCHO reverses the bisulphite 
reaction and does not produce more non-disulphide-S than does rinsing with water. 
Hence no combination occurs between the cystine-S and HCHO, similar to that which 
takes place when wool is treated with 1° HCHO at 70° [Middlebrook & Phillips, 1942]. 
Bisulphiting at high temperatures (e.g. 100°, sample 4) is more effective in producing 
non-disulphide-S than is bisulphiting at room temperatures. Increasing the .concen- 
tration of NaHSO, also favours non-disulphide-S formation, as is shown by comparing 
the non-disulphide-S contents of the wools treated with 6-15 °% NaHSO, (Table 1) with 
those treated with 20% NaHSO, (Table 2). It is also possible, as with samples 3(b) 
and 4(c)'(Table 2), to obtain wools containing 1-8-1-9% S which have reacted in the 
normal manner with NaHSO, and yet contain 1-0 % non-disulphide-S. Hence the fraction 
of the disulphide-S of the wool which passes to non-disulphide-S is not the same as the 
fractions which give water-stable and water-unstable thiol and S-cysteinesulphonate 


groups. 
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Sufficient HCl was added to the 5% NaHSO, solution in which sample 4 was boiled to 
make it 5 N with respect to HCl. It was then boiled for 4 hr. and on analysis was found to 
contain no disulphide-S and 0-29 % thiol-S, calculated on the weight of the original dry 
wool. To obtain the figures given in Table 2, 0-29 % thiol-S has been added to the thiol-8 
of the hydrolysate of the bisulphited wool. It was assumed that no wool dissolved from 
samples 2 and 3. In order to obtain more complete information on the solubility of wool 
in NaHSO, and on the factors involved in the conversion of disulphide-S into non-disul- 
phide-S, two series of systematic experiments were made. 


The solubility of wool in solutions of NaHSO 


(a) At room temperature. Samples of the wool were immersed in one hundred times 
their weight of a series of solutions of NaHSO, containing increasing amounts of NaHSO, 
up to 26 9. After 10 days, the bisulphited ‘ook were removed by filtration through 
sintered glass, and rinsed in distilled water over a period of several hours. The rather 
prolonged period of rinsing resulted in some conversion of the water-stable thiol and 
S-cysteinesulphonate groups into disulphide-S and consequently the thiol-S contents of 
the bisulphited wools are somewhat low. 


Table 3. Analyses of wool after immersion in solutions of NaH SO; for 10 days 
at room temperature* 


No. of sample ... : 3 + 


Concentration of NaHSO,, % ; 3: 6-0 9-0 
Loss in weight of wool, % “g 0-1 1-8 
Disulphide- S of undissolved 2-23 2-23 2-34 — 


wool, % 
Thiol-S of undissolved wool, % 0-60 = 


; 0-74 
Non- a of undissolved vf 0-63 0-66 _ 
wool, % 
* Calculated as percentages of the weight of the untreated anhydrous wool. 


Table 3 shows that the losses in weight are small and increase to a maximum in 12%, 
NaHSO, thereafter becoming smaller possibly because of the high salt concentration. 
The non-disulphide-S shows a similar variation with the concentration of NaHSO,. There 
is very little difference between the amounts of water-stable thiol and S-cysteine- 
sulphonate groups in the different wools which indicates that the same amount of § 
reacts in 1-0% as in 26% NaHSO, provided that the time of reaction is sufficiently 
prolonged. 

(b) At 70° for increasing periods of time. 'The wool samples were immersed in twenty 
times their weight of a 12% solution of NaHSO,, maintained at 70°, for the times given 
in Table 4. Before analysis, the treated wools were squeezed and then rinsed several 
times with water, dried and conditioned. The thiol-S, disulphide-S and total N contents 
of the NaHSO, filtrates and washings from the treated wool were also determined and 
are given with the analyses of the treated wools in Table 4. 

Table 4, line (v) shows that wool dissolves much more rapidly in solutions of sodium 
bisulphite at 70° than it does in similar solutions at room temperatures. Except after 
prolonged treatment, the dissolved wool contains almost equal amounts of thiol and 
disulphide-S (line ii(a)). The thiol-S in the hydrolysate of the undissolved wool tends to 
remain constant (line iii(a)). This is shown more clearly when the values given in line 
iii(a) are re-calculated on the basis of the weight of undissolved wool, instead of on the 
basis of the original weight of the anhydrous untreated wool. On the other hand, on 
either basis of calculation, the disulphide-S in the hydrolysate of the undissolved wool 
(line iii(b)) shows a progressive fall. 
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Table 4. Analyses of undissolved bisulphited wool and wool dissolved by a 12°), 
solution of NaH SO; at 70°* 


No. of sample... 1 2 3 4 5 


(i) Duration of treatment, hr. 19 44 70 162 260 
(ii) Dissolved wool: 
(a) Thiol-S in hydrolysate, % 0-27 0-36 0-62 0-63 0-50 
(b) Disulphide-S in hydrolysate, % 0-27 0-37 0-52 0-81 0-91 
(c) Pyruvic acid in hydrolysate, % —_ 0-24 0-35 0-69 — 
(iii) Undissolved wool: 
(a) Thiol-S in hydrolysate, % 0-85 0-76 0-71 0-69 0-60 
(6) Disulphide-S in hydrolysate, % 1-52 1-32 0-83 0-45 0-28 
(c) Pyruvic acid in hydrolysate, % 0-21 —_— _— 0-17 0-18 
iv) Non-disulphide-S, % (by difference , 78 0- 02 30 
iv) Non-disulphide-S, % (by diffi t 0-68 0-7 91 1-02 13 
(v) Loss in weight of wool, % 10-3 14-7 24-4 31-2 37-4 
(vi) Total N of dissolved wool, % 2-19 2-76 4-39 5-79 6-60 
(vii) Ratio total N to sum of thiol-S and 4-70 4:39 4-46 4-66 5-44 
disulphide-S in hydrolysate of dis- 
solved wool 
(viii) Ratio total N to sum of thiol-S, disul- 4-57 4-64 4-64 4-54 4-05 


phide-S and non-disulphide-S in hydro- 
lysate of undissolved wool 


* All results are calculated as percentages of the original weight of the anhydrous untreated wool. 
+ Total S of original wool (less methionine-S, 0-10%) minus sum of thiol-S and disulphide-S of dissolved 
and undissolved wool. : 





Noteworthy features among the results are the N/S ratios of the dissolved and un- 
dissolved wools. In calculating these ratios, the methionine-S (0-10 °%) has been ignored, 
the total S of the original wool being taken as 3-59 %. On this basis, the N/S ratio of the 
original wool (N, 16-5%) was 4-60. Further, it has been assumed that all the non-disulphide- 
8, originally present in the wool, and any formed during bisulphiting, remains in the 
undissolved wool. The N/S ratios of the dissolved and undissolved wools, after the 
different lengths of time of treatment (with the exception of sample 5 which was treated 
for very nearly 11 days) are then in fairly close agreement with the N/S ratio of the 
original wool. This suggests that when wool dissolves in NaHSO,, the composition of the 
dissolved wool is similar to that of the original wool, although any cystine in the wool 
which is converted into non-disulphide-S remains in the undissolved wool. This conclusion 
is in agreement with previous investigations on the solvent action of sodium sulphide on 
wool. Marriott [1925] showed that the N/S ratios of hair before and after 26% had been 
dissolved by 0-1N NaS were closely similar. It is of interest to note that wool after 
treatment with Na,S may contain non-disulphide-S in the form of lanthionine (Horn, 
Jones & Ringel [1941]; du Vigneaud & Brown [1941]), since Horn & Jones [1941] have 
shown that this acid [HOOC.CH(NH,).CH,.S.CH,.CH(NH,).COOH] can be produced 
in wool by boiling it for 1 hr. with 2% Na,S. 

During the first 70 hr. of treatment (Table 4, line iv), the non-disulphide-S in- 
creased to 0-91%. By an additional 98 hr. treatment, this value was raised to 1-02%. 
These results again suggest that the production of 1-0°% of non-disulphide-S represents 
a definite stage in the transformation of the combined cystine of wool. It is evident 
however that this stage does not give a stable wool, since a further 98 hr. treatment 
caused the non-disulphide-S to increase to 1-30 %. 

On standing, S was deposited from the filtered NaHSO, solutions that had been in 
contact with wool for the longer periods. In addition, fairly copious precipitates of S 
were obtained, when such filtrates were acidified with HCl, suggesting that they con- 
tained sodium thiosulphate as well as free S. Theis & Richer [1941] have also observed 
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that thiosulphate is formed when hair is attacked by sulphites. A possible origin of this 
thiosulphate is the decomposition of S-cysteinesulphonate according to reaction (4). 


bo bo bo bo 


é | (3) 
H.CH,.S.S.CH,. 


| 
7 bt.cH, SH +Na0.80,.8.CH,.0# 
NH H NH 
4 | 
| @ 
| n 
CO bo bo bo 


(5) | 
bi.cH,.8.CH,.0H ea bit. CH, .SH +Na0.S0,.8H+CH, =¢ 


| | | 
NH NH NH NH 
| 


| | | 

If such a decomposition occurred, the acid thiosulphate produced might be expected 
to decompose and yield free S. On the other hand, the wool when hydrolysed would be 
expected to yield cysteine equivalent to the S lost in this manner. Experimentally this is 
not observed. 

An additional consequence of decomposition according to reaction (4) would be the 
formation of combined «-aminoacrylic acid in the wool. When the wool was hydrolysed, 
this acid would be liberated and would decompose into pyruvic acid and ammonia. 
Using Lu’s micro-method [1939] based on Case’s method [1932], we have determined the 
pyruvic acid contents of the hydrolysates of some of the undissolved and dissolved wools. 
The pyruvic acid content of the hydrolysate of the untreated wool (4 hr. with 5N HCl, 
20 ml. per g.) was 0-20%, and the analyses given in Table 4, line iii (c) show that the 
pyruvic acid in the hydrolysate of the undissolved wool remains almost constant; a 
small increase is shown when the observed value is calculated on the actual weight of the 
undissolved wool. This small increase may have some significance as indicating that 
decomposition of S-cysteinesulphonate groups by reaction (4) occurs, but also suggests 
that by far the greater part of any «-aminoacrylic acid produced in the wool by such 
decomposition changes to a more stable compound. This more stable compound may be 
lanthionine, produced by the condensation of adjacent cysteine and «-aminoacrylic acid 
residues (reaction 5). 

Nicolet & Shinn [1941] claim to have produced combined «-aminoacrylic acid in silk 
by the alkaline dehydration of combined serine and to have linked the methylene groups 
with benzyl mercaptan. It is interesting to note that the hydrolysate of the dissolved 
wool shows a much more pronounced increase in pyruvic acid content with increase in 
the duration of the bisulphiting (Table 4, line ii(c)). A possible explanation may be 
that when the S-cysteinesulphonate groups in the disorganized polypeptide chains of the 
dissolved wool decompose, they give combined acrylic acid residues which are less certain 
to find conveniently situated cysteine residues with which to combine, than are the 
%-aminoacrylic acid residues produced in the undisturbed polypeptide chains of the 
undissolved wool. A more detailed investigation of wool containing the non-disulphide-S 
produced by bisulphiting is now being made, 


Discussion 


As the result of the present investigation, it is now possible to give a more definite picture 
of the variation in the reactivity of the combined cystine of wool towards NaHSO,. 
Assuming that the total S of a ‘perfect’ wool can be entirely accounted for as the sum 
of the cystine-disulphide-S and the methionine-S, and that any non-disulphide-S found 
in wool has arisen from cystine-S, then the virgin Cape wool used in the experiments 
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described originally contained 3-6°% cystine-S and by reaction with NaHSO,, this 
cystine-S has been subdivided into four fractions as in the following scheme. 


—— A (08%), labile —SH NaO.SO,.S-groups. 
sen J Reaction easily reversed 
7 : Fraction B (1-0%), stable —SH NaO.SO,.S-groups. 
= 6% (ems, | Reaction reversible, but not easily . 


1-89 


oN. {Frocuen C (0-8%), less reactive towards NaHSO, 


Fraction D (1-0%), changes to non-disulphide-S 

Whilst, under the experimental conditions which we have used, only half the disulphide- 
S of wool will react to give thiol and S-cysteinesulphonate groups, i.e. fractions 
(A+ B)=fractions (C+ D), our analytical results suggest that fractions A and C are each 
somewhat smaller than fractions B and D. There are however so many possible sources of 
small errors in our analyses that it remains conceivable that all the four fractions are 
equal. In addition, NaHSO, may not differentiate sharply between the reactivities of 
the different fractions. 

The chief assumptions made in this scheme concern fraction D which passes to non- 
disulphide-S. We have included in this fraction the non-disulphide-S returned by our 
methods of analysis as being present in the untreated wool. We have thus assumed that a 
fraction of the disulphide-S is more readily converted into non-disulphide-S by a variety 
of agencies, such as light or alkali, than are the remaining fractions. Some evidence has 
been found which suggests that a fraction of the disulphide-S of wool is labile to alkalis. 
Elsworth & Phillips [1941] have shown, for example, that when a wool was boiled with 
‘ a buffer of pH 8-5 for 3} hr., the non-disulphide-S increased from 0-51 to 1-06 %, but the 
wool lost only 0-04 %, S. When this wool was boiled with a more alkaline buffer (pH 8-9), 
the non-disulphide-S remained unchanged (1-01 %), but the wool lost 0-31°% S. These 
results suggest that at pH 8-9 it is possible to convert 1-0 % of the S of the wool into non- 
disulphide-S and that this is to some degree a limiting value. This fraction of the S may 
therefore correspond to fraction D which is converted into non-disulphide-S by NaHSO,. 
This is an aspect of the work which will form the subject of another investigation. 

We have also shown [Middlebrook & Phillips, 1942] that the disulphide-S of wool can 
be reduced from 3-25 to 1-81 °% by warming the wool with 1% HCHO at 70° and pH 5-6. 
Wool, after treatment in this manner, does not react with NaHSO, to give water-stable 
thiol and S-cysteinesulphonate groups. Part of the disulphide-S that has reacted with 
HCHO probably belongs therefore to fraction B. Some other fraction of the disulphide-S 
is also involved in this reaction, since the wool lost 1-34°% disulphide-S. This other 
fraction may be fraction D which may have changed to non-disulphide-S. Evidence 
supporting this conclusion was obtained by distilling a sample of formaldehyde-treated 
wool with HCl. The distillate was found to contain 0-70°% HCHO by Bowes & Pleass’s 
method [1939], whilst the hydrolysate was free from thiol-S but contained 2-56% 
disulphide-S. Hence 1-03 % (3:59-2:56) of the wool-S was in the form of non-disulphide-S 
and this agrees in amount with the total quantity which, it is assumed, can arise from 
fraction D. Quantitative agreement with our proposed scheme of subdivision is not 
however good. Assuming that during the treatment with formaldehyde, the remainder 
of fraction D is converted into non-disulphide-S and fraction B reacts with HCHO to 
give thiazolidine-4-carboxylic acid, as suggested by Middlebrook & Phillips [1942], then 
we should have expected the disulphide-S to fall to 159% instead of only to 181% 
as was observed. 

Apparently fraction A does not react with HCHO at 70° and pH 5-6. If this conclusion 
is correct, it was thought possible that formaldehyde-treated wool would react with 
NaHSO, to give water-labile thiol and S-cysteinesulphonate groups. A formaldehyde- 
treated wool (disulphide-S, 1-81 °4) was therefore immersed for 17 hr. at room temperature 
in fifty times its weight of 20 % NaHSO,, and without rinsing with water was hydrolysed. 
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The hydrolysate did not contain thiol-S and contained only 1-07 % disulphide-S, By the 
dual treatment, fraction A was therefore converted into a form of non-disulphide-S, 
possibly by interaction with the HCHO.- 

Goddard & Michaelis [1934; 1935] found that wool was dissolved by strongly alkaline 
solutions of thiolacetic acid owing to the complete reduction of the disulphide-S. Patterson, 
Geiger, Mizell & Harris [1941] have studied the reduction of the disulphide-S of wool with 
solutions of thiolacetic acid of low acidities and it is of interest to compare the extent of 
disulphide reduction which they obtained with our results. These workers reduced wool § 
in buffer solutions of thiolacetic acid and coupled the thiol groups produced with p- 
chlorobenzyl chloride. The cystine contents of the chlorobenzylated weols were then 
determined by Sullivan & Hess’s method [1930] using an improved technique [Harris & 
Smith, 1937], and the decrease in cystine content was taken as a measure of the extent to 
which the original disulphide-S of the wool had been reduced. The tips were not appar- 
ently removed from the wool used by Patterson et al. [1941] and it was part of a batch 
purified by Sookne & Harris [1937] by extraction with alcohol and ether followed by 
rinsing with water at 40°. The diameter of the fibres of this wool was 35, so that the 
‘quality’ of the wool on the Bradford system was 46’s: the diameter of the fibres of our 
wool was about 22. Unfortunately Patterson et al. [1941] do not give a complete analysis 
of the S of the wool, but their results show that it contained 12-2 % cystine corresponding 
to 3-26 % disulphide-S. They showed that a M solution of thiolacetic acid at pH 4-5 and 
35° reduced the cystine content of the wool to 3-75 % (1-00 % disulphide-S) and a 2M 
solution gave very little more reduction under the same experimental conditions. Wools | 
reduced in this manner thus contained 2-26°% of thiol-S and this appears to be a limiting 
value when the reduction takes place between pH 2 and 6. For example, Patterson et al. 
[1941] showed that the cystine content of the wool was reduced to just below 4-0% in 
% hr. by a M thiolacetate solution at pH 4-5 and 50° and no further reduction occurred 
when the reaction time was extended to 20 hr. 

It thus appeared probable that thiolacetic acid reduced about 2-0 % disulphide-S 
under the conditions used by Patterson et al. [1941]. In order to find out whether the 
disulphide-S reduced belonged to fractions A and B, a sample of our wool was immersed 
for 18 hr. in one hundred times its weight of M thiolacetic acid containing 0-5 NaAc, 
the pH having been adjusted to 4-8-5-0 by the addition of HCl. The treated wool was 
rinsed thoroughly with water and then conditioned. It then contained 1-33 % disulphide- 
S and 1-89 % thiol-S. It was bisulphited in one hundred times its weight of 20 °/, NaHSO, 
at room temperature for 22 hr. On analysis (without rinsing) it was found to be un- 
changed, since it contained 1-28 % disulphide-S and 1-99 % thiol-S. Fractions A and B 
that normally react with NaHSO, had therefore been reduced by the thiolacetic acid and 
consequently, under the experimental conditions employed, the wool was inert towards 
NaHSO,. 

SUMMARY 


1. When wool reacts with NaHSO,, 50% of the cystine-S is converted into thiol and 
S-cysteinesulphonate groups, of which slightly more than half are stable to water, whilst 
the remainder are water-labile. 

2. By the action of bisulphite, slightly more than half the disulphide-S which does not 
give thiol and S-cysteinesulphonate groups can be converted into non-disulphide-S. 


The authors are indebted to Dr L. F. Story for the determinations of pyruvic acid and 
to Mr R. Cockburn for assistance in the experimental work. Thanks are also due to the 
Council of the Wool Industries Research Association for permission to publish this paper. 
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Before testing a substance for its bacteriostatic or growth-inhibiting power it is advan- 
tageous to find out if it reacts chemically with any constituent of the medium, at the 
temperature of incubation during the period of time allowed for the growth of the 
bacterium. If, for example, the substance reacts éven in part with a constituent or con- 
stituents of the medium, say during the first day of incubation, to produce a compound or 
compounds which are less powerful growth inhibitors, then the results obtained after 
2 days’ incubation will not give a true picture of its bacteriostatic power. If the inhibitor 
is not a powerful germicide, an indication that such a reaction has taken place may be 
afforded by a rapid diminution of the apparent bacteriostatic power as the period of 
incubation is prolonged, but a surer proof that the substance undergoing test is being 
chemically destroyed will be provided by a preliminary incubation of the sterile medium 
containing the disinfectant for a day or two before sowing. An identical medium is then 
made up and sown immediately, and if the compound appears to be much less active in 
the medium which has undergone the preliminary incubation at the same temperature, 
it has clearly been chemically altered during this process. The above experiment will 
however not detect a chemical alteration leading to the production of substances which 
are as active as, or more active than, the substance being tested, but if the medium has 
undergone a marked colour change, or no longer responds, after the preliminary incubation, 
to chemical tests designed to reveal the presence of the original substance, it may 
reasonably be inferred that such a chemical alteration has taken place. 

Compounds which appear to be chemically altered by the constituents of complex 
bacteriological media ought therefore to be tested in simpler media containing if possible 
a simple carbohydrate as sole source of carbon, and the NH, or NO, ion as sole source of 
nitrogen. Even then it is first necessary to show that the compound is stable at the pH 
of the medium. Not many bacterial species will grow well on such simple synthetic 
media, but certain strains of Pseudomonas and of Bacillus do show good growth at 25° . 
and are valuable test organisms in this connexion. If, for example, it is desired to find out 
whether or not an antibacterial substance is chemically altered by a certain amino-acid 
at pH 7 at 37°, the amino-acid (in solution at pH 7) and the disinfectant are added to the 
simple synthetic medium and the resulting solution incubated unsown at 37° for a given 
time; then cooled to 25° and inoculated with the Pseudomonas together with suitable 
controls which have not undergone a preliminary incubation. If after incubation for 
1 or 2 days at 25° no growth is observed in the controls containing disinfectant, but 
growth is observed in the corresponding tubes which have undergone a preliminary 
incubation at 37°, it may be inferred that the amino-acid and the disinfectant have ° 
reacted together at this temperature with partial or complete destruction of the anti- 
bacterial power of the latter. The fact that the temperature at which the Pseudomonas 
grows (25°) is considerably lower than the temperature of the preliminary incubation (37°) 
is an advantage, since a slow reaction at 37° will be very much slower at 25°, and if the 
greater part of the compound escaped unchanged from the 37° treatment it is not likely 
to be destroyed at 25° however long the incubation is continued at the lower temperature. 


( 438 ) 
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The above considerations were suggested by the results obtained in the testing of 
certain mould products and their derivatives, all containing the methoxyl group, for 
anti-bacterial action. The compounds in question included the mould product penicillic 
acid (1; for preparation and structural formula see Birkinshaw, Oxford & Raistrick 
[1936], and for preliminary testing of its anti-bacterial power see Oxford [1942a]), and 
4-methoxytoluquinone (II), a substance related in structure to the mould pigment 
fumigatin [III; Anslow & Raistrick, 1938]. The relatively considerable anti-bacterial 
power of these quinones has already been reported on by Oxford & Raistrick [1942] and 
by Oxford [19426]. In each instance the bacteriostatic power appeared to fall off very 
considerably after the first day of incubation and the work here reported is an attempt 


to discover the cause of thjs falling off. 
O 


~ *S0.CO.C(OMe):CH.COOH 
CH, 


EXPERIMENTAL 


(1) Evidence that the falling off in bacteriostatic power of penicillic acid and 4-methoay- 
toluquinone in heart broth media on continued incubation is due to a chemical reaction 
between the disinfectants and constituents of the media 


The two media hitherto used by Oxford [1942 a, b] for the testing of these substances were 
the following : 

(a) standard heart broth at pH 7-2 containing 0-5°% NaCl and 1% peptone (B.D.H. 
for bacteriological purposes) ; 

(b) as (a) but containing 2% glucose in addition which was sterilized with the other 
constituents. This medium was certainly browner in colour than (a) and its pH was a 
little lower (6-8). 

The diminution in bacteriostatic power after the first day of incubation is illustrated 
in Table 1. 


Table 1. Bacteriostatic actions of penicillic acid and 4-methoxytoluquinone against 
various Staph. aureus strains at 37° 


Medium (a) Medium (5) 


Limiting dilution for Limiting dilution for Limiting dilution for 
complete inhibition complete inhibition visible partial 
Organism of growth of growth inhibition of growth 
(N.C.T.C. No.) —— Se ee en 
and compound lday 2days S3days Ilday 2days 3days Iday 2days 3 days 
No. 3093 against peni- — — — 33,000 <20,000 50,000 33,000 — 
cillic acid 
No. 3750 against peni- — 33,000 <20,000 50,000 25,000 
cillic acid 
No. 3095 against 4- — — —_— 300,000 150,000 
methoxytoluquinone 
No. 3750 against 4- 150,000 100,000 <50,000 _ as 
methoxytoluquinone 


The method of testing has already been described by Oxford [1942a]. Briefly, 1 ml. 
of sterile aqueous penicillic acid or 4-methoxytoluquinone was added to 4 ml. of sterile 
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medium, the dilutions given in the table being those of the disinfectant in the above 
mixture. To each tube was added one loopful of a 1000-fold diluted 1-day culture of the 
organism in the medium. If an undiluted culture was used for sowing the diminution in 
anti-bacterial power was even more striking. Similar results were obtained when peni- 
cillic acid was tested against Bact. coli. 

The ‘preliminary incubation’ technique, outlined above, was applied thus. Glucose 
broth tubes containing 83g. of penicillic acid per ml. were incubated unsown for 5 days 
at 37°, then inoculated in the usual way with a diluted culture of Staph. aureus no. 3750 
and reincubated. Good growth occurred in 20 hr., whereas in a control containing 
40 wg. per ml., which was inoculated immediately after the addition of the penicillic acid, 
no growth occurred in 20 hr. at 37°. More than half, very probably nearly all, of the 
penicillic acid had therefore been destroyed in the first instance in 5 days at 37°. The 
experiment was repeated using both broth (medium (a)) and glucose broth (medium ()) 
and limiting the duration of the preliminary incubation of the unsown media to 18 hr. 
at 37°. In the broth tube a considerable part of the penicillic acid had obviously been 
destroyed, since, after inoculation with Staph. aureus, good growth was obtained in 1 day 
in a tube which originally contained 83g. per ml. The result with the glucose broth 
medium was less striking in that a tube containing originally 83g. per ml. showed no 
growth whereas a tube containing originally 50g. per ml. did show growth. This result 
has a direct bearing on the puzzling result previously noted by Oxford [1942a] viz. that 
penicillic acid is much more effective in glucose broth than in plain broth. A possible 
explanation, arising out of the results just described, is that penicillic acid is chemically 
decomposed much faster in medium (a) than in medium (b). The following experiment, 
summarized in-Table 2, shows clearly that, as far as the action of penicillic acid is con- 


Table 2. Penicillic acid against Bact. coli 


A 1000-fold diluted culture was used for sowing. Each tube contained originally 4 ml. of basal medium. 
Sterile water added last of all to make volume up to 5 ml. if necessary. 
Penicillic acid 
added, ml. of Final cone. of Growth at 37° 
0-025% aq. __ penicillic acid 
Basal medium solution pg. per ml. 26 hr. 


Broth (medium (a); 


4 ml.) 50 


bow OL 


Broth (4 ml.) plus 20% 
aq. glucose (0-5 ml.) 
sterilized separately 


bo > Or 


2% glucose broth steri- 
lized together (medium 
(5); 4 ml.) 


SSSH SCOSSOHMNW SOSSOMN 


bo Oo Be ch 
Fooocoot+t+t+++ O00 ++4+4++00 
++tocoo+4++++00 +4+4+4+4+060 


t+H+t¢¢O4+¢¢¢4¢4¢4+ 0+ 4+4+4+4+4+0 


oo 


cerned, glucose broth autoclaved with the glucose in it is a very different medium from 
broth to which is added the same amount of glucose sterilized separately in strong 
aqueous solution ; in point of fact, plain broth and glucose broth made in the second way 
are equivalent for testing penicillic acid. The experiment merely confirms the well-known 
fact that when glucose is sterilized with broth at pH 7 deep-seated chemical changes 
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occur. These changes evidently destroy certain compounds which otherwise would react 
with penicillic acid to the detriment of its anti-bacterial powers. 

The chemical destruction of 4-methoxytoluquinone in broth at 37° was demonstrated 
likewise: a tube containing 10g. of the quinone per ml. was incubated unsown for 2 days 
at 37°, then sown with a 1000-fold diluted culture of Staph. aureus no. 3761 in plain 
broth. At the same time an exactly similar tube was put up and sown immediately. 
After 18 hr. incubation at 37° there was growth only in the tube which had previously 
been incubated unsown. : 

(2) Unimportance of the pH effect 
By ‘pH effect’ is meant the hydrolytic decomposition of penicillic acid and 4-methoxy- 
toluquinone, accompanied by loss of anti-bacterial power, occurring at pH 7-2 in any 
medium incubated at 37°. For the evaluation of this effect it was necessary to work with 
an organism which will grow well on synthetic media. Two strains of the plant pathogen 
Pseudomonas mors-prunorum Wormald [Wormald, 1932], both recent isolations, were 
obtained through the generosity of Mrs D. H. Oxford to whom I desire to express my 
sincere thanks. Biochemically the strains were practically indistinguishable. Ps. mors- 
prunorum will grow well at 25° (but not at 37°) and can be maintained indefinitely on the 
following synthetic media both of pH 7-2. 
Medium (c). Czapek medium of the following composition: 


NaNO, ... oie Pe is ; FeSO,,7H,O sus ee 0-01 g. 
eva ai ats , Sucrose or glycerol _ 20 g. 

KCl eae ‘a nee se 5g. Distilled water as eas 1000 ml. 

MgSO,,7H,O 

In this medium the only source of nitrogen is NO, and the only source of carbon is a 

simple carbohydrate or sugar alcohol which suffers no change on autoclaving at pH 7-2. 
Medium (d). A modified form of the microcosmic salt medium of Birkinshaw, Charles 

& Clutterbuck [1931] of the following composition: 


NaNH,HPO,,4H,O ... di 4-9 g. FeSO,,7H,O eee ame 0-01 g. 
K,HPO, ons —_ —~ 1-0 g. Sucrose or glycerol a 20 g. 
ee xs ic. on aes 0-5 g. Distilled water... ees 1000 ml. 
MgSO,,7H,O ... ei a 0-5 g. 


The carbon source is the same as in medium (c) but the sole source of nitrogen is NH,. 

Varying amounts of penicillic acid, dissolved in 1 ml. of sterile water, were added to 
4 ml. quantities of the synthetic media, and the tubes were incubated unsown for 5 days 
at 37°; then cooled, inoculated with a loopful of a 2- or 3-day culture of Ps. mors-prunorum 
on Czapek medium, and reincubated at 25°. Only the tubes containing 10 yg. of penicillic 
acid per ml. showed growth in 3 days, whereas those containing 30ug. and 50g. per ml. 
showed no growth. In the corresponding control tubes which had received no preliminary 
incubation there was sometimes no growth in tubes containing 10g. per ml.; otherwise 
the results were the same. Although penicillic acid is therefore not absolutely stable at 
pH 7-2 at 37° it must be concluded that its hydrolytic decomposition is far too slow to 
account for its rapid rate of destruction in broth at this pH. These results also show that, 
sensitive though penicillic acid may be towards free ammonia (see Birkinshaw ¢¢ al. 
[1936]), it is nevertheless stable enough to ammonium salts at pH 7-2 as in medium (d). 

The corresponding experiment with 4-methoxytoluquinone was carried out only on 
medium (d). It was found that the limiting dilution of the quinone for complete sup- 
pression of the growth of Ps. mors-prunorum for 7 days at 25° was 1 in 20,000 irrespective 
of whether the medium containing the quinone had been incubated for 3 days at 37° 
before sowing. Further, there was not the slightest darkening in colour during the 


preliminary incubation. 
29-2 
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(3) Proof that peptone reacts with penicillic acid and with 4-methoxytoluquinone 
at 37° at pH 7-2 with destruction of anti-bacterial power 


The observation of Fleming [1940] that peptone added to media containing sulphanil- 
amide inhibits the bacteriostatic action of the latter suggested that the peptone (1%) 
present in the broth media (a) and (b) was responsible for the effects described in Section 1. 
In the ordinary way Ps. mors-prunorum is completely inhibited for 1 day in 1% peptone 
water (containing also 0-5% of NaCl and adjusted to pH 7-2) when penicillic acid is 
present at a concentration of 30g. per ml., and for 5 days when the concentration of the 
acid is 83.g. per ml. If however unsown | % peptone water containing 83 jg. of penicillic 
acid per ml. is incubated for 3 days at 37°, the resulting medium will not inhibit the 
growth of the organism for even 1 day at 25°. The corresponding experiment with 
4-methoxytoluquinone yielded much the same result. 1°% peptone water tubes con- 
taining 100g. of the quinone per ml. were incubated unsown for 3 days at 37°, with the 
result that the medium, almost colourless at the start, became dark brown. After sowing 
with Ps. mors-prunorum it showed good growth after 1 day’s incubation at 25°. Similar 
tubes put up and sown immediately showed no growth in 1 day at 25°. It may be 
concluded therefore that the presence of 1% of peptone in the broth media (a) and (5) 
will amply account for their power of destroying penicillic acid and 4-methoxytoluquinone. 


(4) Chemical reactions occurring between various amines and amino-acids and the 
disinfectants at 37° in dilute solution at pH 7 


Peptone water probably contains many simple amines and amino-acids which may be 
responsible for its effect on penicillic acid and methoxyquinones. To obtain further 
information on this point the following experiment was set up. Approximately M/4 
aqueous solutions of the following were sterilized by bringing to the boiling point: 
methylamine hydrochloride, dimethylamine hydrochloride, diethylamine hydrochloride, 
trimethylamine hydrochloride, glycine, dl-alanine and Na glutamate. A corresponding 
number of sets of three tubes each were then put up, each tube containing 4 ml. of sterile 


sucrose-microcosmic salt medium (d): tube 1, +0-5 ml. sterile H,0+0-5 ml. of 0-025% | 
sterile aqueous penicillic acid or 0-05 % sterile aqueous 4-methoxytoluquinone. Tube 2, | 


+0-5 ml. of sterile amine solution + 0-5 ml. of sterile aqueous penicillic acid or 4-methoxy- 
toluquinone as above. Tube 3, +0-5 ml. sterile H,0+0-5 ml. of sterile amine solution. 
All were incubated unsown for 3 days at 37°; then cooled, inoculated in the usual way 
with Ps. mors-prunorum and further incubated for 2 or 3 days at 25°. At the time of the 
sowing of these tubes exactly similar sets were put up, sown immediately and incubated 
at 25° with the others.. 

Results. All the controls (tube 3) naturally grew. In the sets which had not had the 
preliminary incubation, tubes 1 and 2 showed no growth as expected. They contained 
25g. of penicillic acid or 50g. of the quinone per ml. In the quinone sets which had 
undergone the preliminary incubation there was likewise no growth in tubes 1 and 2, 
although certain tubes, particularly those containing methylamine hydrochloride and the 
quinone or glycine and the quinone, had greatly darkened in colour. In the penicillic 
acid sets there was growth in tube 2 only in those instances in which methylamine 
hydrochloride and the acid, and glycine and the acid had been heated together at 37° 
before sowing. Tube 1 always showed no growth as expected. The alanine set was put.up 
again, given 4 days’ preliminary incubation at 37°, and inoculated etc. as before. This 
time there was growth in tube 2 after 2 days’ incubation at 25°. 

It seems clear therefore that penicillic acid, in very dilute solution, does react chemically 
with certain simple primary amines and amino-acids when the latter are present in excess 
at a concentration of M/40, under the conditions obtaining in bacteriological media, viz. 
at pH 7, and at a reaction temperature of 37° prolonged for several days. This reaction 
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results in a sensible diminution in bacteriostatic activity. 4-Methoxytoluquinone also 
reacts with amines and amino-acids under the same conditions with production of more 
highly coloured compounds, but in this case the reaction products are at least as highly 
bacteriostatic as the parent quinone. The cause of the diminution in bacteriostatic power 
when 4-methoxytoluquinone is incubated with sterile peptone water therefore still 
remains to be discovered. 


(5) Chemical reactions occurring between penicillic acid, and 4-methoxytoluquinone 
and the amino-acid p-aminobenzoic acid in dilute solution at pH 7 


This is a particularly interesting case since p-aminobenzoic acid is known to be an 
essential growth factor for certain bacteria and is also known to be ‘antagonistic’ to 
sulphanilamide. A 3-2% (0-23M) sterile, neutral solution of p-aminobenzoic acid was 
made as follows: the acid (8 g. B.D.H.) was dissolved in 60 ml. of sterile N NaOH, 
150 ml. of sterile water added, and the whole heated to 80°. After cooling, the volume 
was made up to 250 ml. with sterile water. When this solution (0-5 ml.) together with 
sterile water (0-5 ml.) was mixed with 4 ml. of sterile sucrose-microcosmic salt medium 
(medium (d)) the resulting medium was at pH 7-0 but unfortunately would not support 
growth of Ps. mors-prunorum at 25° even when a large inoculum was given. Evidently 
at a concentration of 0-3% the acid has a powerful anti-bacterial action as might be 
expected since it is a derivative of aniline. A laboratory strain of an organism of the 
Bacillus group resembling B. megatherium did however grow on the above medium con- 
taining p-aminobenzoic acid at 37° but unfortunately not at 25°. The experiment set 
up to investigate the action of p-aminobenzoic acid on penicillic acid and the quinone 
was therefore the following. Tube 1, 0-5 ml. of sterile H,O+6-5 ml. of sterile 0-05% 
penicillic acid or 4-methoxytoluquinone added to 4 ml. of sterile medium (d). Tube 2, as 
tube 1 but 0-5 ml. of sterile 3-2°% p-aminobenzoic acid in place of the sterile water. 
Tube 3, as tube 1 but 0-5 ml. of sterile 3-2 % p-aminobenzoic acid in place of the solution 
of penicillic acid or quinone. All were incubated unsown for 3 days at 37°; then each was 
inoculated with one loopful of a 2-day culture of the above Bacillus species on medium (d). 
At the same time an identical set of tubes was put up and inoculated immediately. All 
were further incubated ai 37° for 1 day. Tube 1 showed no growth in each instance; 
tube 2 showed growth in both of the p-aminobenzoic acid + penicillic acid cultures, but 
not in the p-aminobenzoic acid+ quinone cultures, and tube 3 showed growth in all 
eases. The tube containing p-aminobenzoic acid and quinone which had undergone the 
preliminary incubation was also dark brown in colour at the end of 3 days at 37°. p-Amino- 
benzoic acid will therefore ‘antagonize’ the action of penicillic acid but there can be 
little doubt that in this instance the effect is due to a rapid chemical reaction between 
the two acids at 37° and not to any competition between them for a bacterial enzyme 
system. The behaviour of p-aminobenzoic acid towards penicillic acid is in fact exactly 
analogous to the behaviour of glycine previously discussed, but the chemical reaction is 
evidently more rapid in the first-named case. 


SUMMARY 


The bacteriostatic powers of penicillic acid, and of 4-methoxytoluquinone, are very 
considerably diminished by incubation with sterile broth, or with sterile 1% peptone 
water at pH 7 for 1-3 days at 37°. In the case of penicillic acid a similar effect is observed 
with certain simple amines and amino-acids such as methylamine, glycine, alanine and 
p-aminobenzoic acid. These compounds also react chemically with 4-methoxytoluquinone 
under the same conditions with production of highly coloured derivatives which are not 
less active as anti-bacterial agents than the parent quinone. When heart broth containing 
peptone is autoclaved with 2% glucose at pH 7-2, the concentration of substances which 
react chemically with penicillic acid in the above sense is considerably diminished. 


A. E. OXFORD 
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52. A Study of the Antirachitic Effect of Fat on Rats receiving 
High Calcium-Low Phosphorus Rachitogenic Diets* 


By R. G. Booth, K. M. Henry and S. K. Kon, From the National Institute 
for Research in Dairying, University of Reading 


(Réceived 5 May 1942) 


Several years ago Kon & Booth [1933; 1934 a, b] found that the antirachitic activity of 
butter as measured on rats could not be quantitatively concentrated in the non-saponifi- 
able residue by a method which yielded complete recovery from more potent sources of 
vitamin D, such as a solution of irradiated ergosterol in olive oil (International Standard 
for vitamin D), or cod-liver oil. This finding has since been abundantly confirmed 
[Bechtel & Hoppert, 1936; Boer, 1938; Gridgeman, Lees & Wilkinson, 1940]. 

Kon & Booth [1933 ; 1934 a, 6] also failed to concentrate quantitatively the vitamin D 
activity of butter by alcoholic extraction after the method of Zucker [1922-3; 1925; 
1928]. Though Bechtel & Hoppert [1936] have recently advocated the use of this method 
for the estimation of vitamin D in butters of low potency, the experience of other workers 
has been uniformly negative [Wallis, 1937; 1939; Gridgeman, Lees & Wilkinson, 1939; 
Wilkinson, 1939; Boer, 1939]. 

Kon & Booth [1933 ; 1934 a, 6] suggested that the unorthodox behaviour of the vitamin 
D activity of butter could be explained by the fat itself having an antirachitic effect on 
rats receiving high Ca-low P rachitogenic diets. They gave experimental support to this 
contention by showing that olive oil and also fatty acids from butter and lard, all pre- 
sumably free from vitamin D, exerted a definite antirachitic effect.. Several workers, 
among them Knudson & Floody [1940] and Jones [1940], who has reviewed the earlier 
work on the subject, have since shown that vitamin D-free fats have an antirachitic 
action. It is generally agreed that this effect is due to some direct action of the fat on the 
Ca and P metabolism of the rat, though the mode of action is as yet by no means clear. 

Gridgeman et al. [1939], who also noticed the calcifying effect of fat, were of the opinion, 
however, that ‘the presence of excess fat in the diet influences the degree of new calcifi- 
catign produced by vitamin D only indirectly by lowering the consumption of salts... 

_as the latter supplies nearly all of the Ca—on the high content of which the rickets- 
producing effect of diet 5, as of Steenbock’s diet 2965, depends—it is reasonable to 
expect that its deprivation is largely responsible for the enhancement of healing’. They 
suggest that ‘low-potency butter and margarine can be accurately tested only by equali- 
zation of the salt mixture intakes of test substance and “‘standard” rats’. The salt 
mixture used by these authors contained 75% of CaCO, but no P, and it is clear that 
their conclusions and advice are based on a misunderstanding and are erroneous. The 
addition of fat to a diet does not, as Gridgeman e¢ al. [1939] appear to assume, affect 
preferentially any one component of a ration, and would lower the intake of Ca from their 
salt mixture to no greater degree than the intake of P from the rest of the diet. The 
absolute amounts of both these components would be decreased but their ratio remain 
unchanged. It has been shown by Brown, Shohl, Chapman, Rose & Sauerwein [1932] 
and Shohl [1936] that at a given Ca : P ratio rickets is intensified by a decrease in the 
level of these two elements. If the only function of fat were to cut down the intake of 
Ca and P by acting as a diluent and also by increasing the calorific value of the diet, its 
addition would lead, if anything, to more severe rickets. 


* Read in part before the Biochemical Society, 16 March 1940 [Henry & Kon, 1940]. 
( 445 ) 
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In the experiments on the antirachitic effects of fat so far reported by ourselves and by 
other workers natural fats, free, mixed or isolated fatty acids, or Ca soaps were used. It 
is conceivable that the natural fats contained some vitamin D, and it might be argued 
that the effects of free fatty acids or their soaps on Ca metabolism are different from those 
of neutral fats. For this reason we have carried out numerous tests with triglycerides 
resynthesized from fatty acids from which the non-saponifiable matter had been removed 
as thoroughly as possible. We have also done experiments in which due allowance was 
made for the change in Ca and P levels of a rachitogenic diet which follows the addition 
of fat. This can be done by giving to one group of animals the diet containing fat and to 
another a similar diet in which the fat is replaced by an equicaloric quantity of starch and 
thus equalizing the calorie intakes of the two groups. The same result can also be achieved 
by compounding a synthetic rachitogenic ration in which, to avoid differences in avail- 
ability, all the P is present as inorganic phosphate, and by feéding it as such or with the 
addition of fat and of extra Ca and P so that equicaloric quantities of both diets would 
again supply the same levels and ratios of Ca and P. We used both these methods. 
Finally, metabolic tests were planned to obtain information on the mode of action of 
fat. Some of the experiments took place several years ago but have not previously been 
published. 


EXPERIMENTAL 


1. Comparison of the effects on calcification in rats of starch and fat when added as 
isocaloric diluents to a rachitogenic ration 


A. Experiments with Steenbock’s 2965 diet 

(a) Diets. Three diets were used. Diet 28 A was identical with the 2965 diet of 
Steenbock [Steenbock & Black, 1925], but an extra 0-35 g. CaCO, was added to 100 g. 
of the diet. The composition and analysis of diets 124 and 125 are given in Table 1. 


Table 1. Composition and analysis of the diets* used in the various experiments 


Diet no. Equicaloric quantities % Ca % F Ca/P % moisture 
Exp. 1A (diets fed dry) 
28A 140 g. 1-306 0-323 . 10-75 
124 80 g. 28A +52 g. rice starch 0-820 0-213 ; 11-64 
125 80 g. 28A +20 g. ground-nut oil no. 1 1-052 0-261 , 8-26 
ixp. 1B (diets fed dry) 
120 140 g. 1-223 0-247 . 14-88 
126 80 g. 120 +52 g. rice starch 0-734 0-167 , 13-90 
127 80 g. 120+ 20 g. ground-nut oil no. 1 0-961 0-203 . 11-52 
Exp. 2 (diets fed mixed with water) 
124 80 g. 28A +52 g. rice starch 0-820 »21 3: 11-64 
129 80g. 28A+20g. resynthesized trigly- 1-089 256 , 8-35 
cerides of ground-nut oil no. 1 
130 80g. 28A+20g. resynthesized trigly- 1-085 
cerides of butter-fat 
Exp. 4 (diets fed dry) 
131 130 g. 1-352 
132 75-6 g. 131 + 21-9 g. ground-nut oil no. 1 1-777 
+ 1-85 g. CaCO, + 0-65 g. Na,HPO,, 12H,O 
Exp. 5A (diets fed dry) 
80 g. 141 +20 g. ground-nut oil no. 2 0-064 0-252 
80 g. 141 +52 g. maize starch 0-055 0-197 
Exp. 6 (diets fed mixed with water) 
80 g. 120 +20 g. ground-nut oil no. 2 0-9951 0-2048 
80 g. 120 + 52 g. maize starch +N.s.R. of 0-7511 0-1846 
20 g. ground-nut oil no. 2 


* The diets are fully described in the text. 
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Diet 125 consisted of 80 parts of diet 28 A and 20 parts of refined deodorized semi- 
hardened ground-nut oil (1.v. 71; M.P. 28-31°); diet 124 had 80 parts of diet 28 A and 
52 parts of rice starch. On the calorie basis and when due allowance was made for 
moisture 20 g. of fat were equivalent to 52 g. of rice starch and to 60 g. of diet 28 A; 
thus 100 g. of diet 125 was equivalent to 132 g. of diet 124 and to 140 g. of diet 28 A. 
(b) Rats. Rats were prepared for all experiments described here as follows. On the 
16th day of lactation butter was removed from the stock diet [Folley, Ikin, Kon & 
Watson, 1938] of the mothers and the young were weaned when weighing from 55 to 
64 g. In all experiments, except no. 6, all animals were given 1 g. carrot a week as a 
source of carotene. The experiments lasted 5 weeks. At the end of this time the animals 
were killed by coal gas and the ash content of the femora and humeri determined [Kon & 
Henry, 1935]. In the first experiment eight groups of three littermate male rats were 
allocated by lot to the three diets and placed in individual cages. The diets were fed dry 
and the calorie intake was equalized from day to day between littermates. Tap water 


was given to drink. 


Table 3. Statistical treatment* of differences in bone ash observed in the various 
experiments and of Ca and P retentions in Exp. 6 


Difference 
tested Standard 
between Numerical error of 
difference mean diets difference mean 


Exp. 1A: % bone ash Exp. 4: % bone ash 
+0-1 +0-96 : 132-131 +3-9 +0-59 
+38 +1-23 : Exp. 5A: % bone ash 
+2-9 +0-99 3 42 7 F 

143-142 + 0-6 +0-72 


Exp. 1B: % bone ash 7 : / E 
120-126 r 28 40-95 Exp. 6: ‘% bone ash. 


127-126 +39 £0-79 : 127 A-144 +3-4 +0-95 i: 
127-120 ee 0-95 : % Ca retention 
as leh aes a 127 A-144 + 7-64 +3-78 a 
Exp. 2: % bone ash % P retention 
129-124 +5-0 +0-90 1: 1250 127 A-144 +10-92 +3-77 1: 
130-124 + 4-9 0-73 : 3030 
129-130 +O-1 +0-65 | 
* The ¢-test of ‘Student’ [1908; 1925] was used in all comparisons. 
{| P=probability that a mean difference at least as great as the observed mean difference would have 
arisen by random sampling from a homogeneous population. 


Difference 
tested Standard 
between Numerical error of 


(c) Results. The results are given in Tables 2 and 3. They show that the intakes of 
calories, Ca and P were very nearly the same on diets 124 and 125, yet that the rats 
receiving the diet containing fat had apparently better calcified bones. The difference is 
almost, though not quite, significant according to the customary statistical standards. 
There was no difference in calcification between the rats consuming the ordinary and the 
starch-diluted rachitogenic diet. 


B. Experiments with the diet of Gridgeman et al. [1939] 

To put the interpretation of the fat effect advanced by these authors to a direct test 
experiments were carried out with their diet (diet 120, Table 1). Rice starch (diet 127) 
and refined semi-hardened ground-nut oil (diet 126) were again used as diluents. 12 rats 
(6 $3 and 6 99) received each diet and comparisons were all between littermates. The 
intakes were not equalized but rats were kept three in a cage and the food consumption 
in each cage was recorded. The results are given in Tables 3 and 4. Here again the differ- 
ence between the diluents is quite marked, and though rickets was pronounced in all , 
groups the diet containing fat brought about a significantly better calcification than the 
diet containing starch. This time the bones of the rats receiving fat were little better 
than those of the animals given the undiluted rachitogenic ration. 
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2. Comparison of the effects on calcification in rats of starch and of resynthesized trigly- 
cerides when added as isocaloric diluents to a rachitogenic ration 


This experiment was similar to the first, but instead of ground-nut oil resynthesized 
triglycerides prepared from it and also from butter were used. 

(a) Diets. The composition and analysis of the diets are given in Table 1. Diet 129 
contained resynthesized triglycerides of ground-nut oil and diet 130 those of butter. In 
other respects these diets were similar to diet 125. 

(b) Method of preparation of triglycerides. Ground-nut oil from the same batch as 
used in the previous experiments and butter fat churned in October from the milk of the 
Institute’s herd were saponified by the short method as described by Kon & Booth 
[1933]. After exhaustive extraction of the non-saponifiable residue with six changes 
of ether the fatty acids were prepared as described by Kon & Booth [1934 6]. They were 
then converted into triglycerides by the following method: from 300 to 600 g. of fatty 
acids were mixed in a 10% excess with the calculated amount of glycerol. Camphor-f- 
sulphonic acid was added as catalyst to the extent of 0-22 % of the weight of the fatty 
acids. The mixture was then heated in an oil bath to 160° for 2 hr. under atmospheric 
pressure, then for 3 hr. in the vacuum of a water pump, and finally for 1-2 hr. connected 
through traps to a ‘Hyvac’ vacuum pump. 

After cooling the reaction mixture was dissolved in 2} vol. of ether and was w wed 
with 100-200 ml. portions of 10 % aqueous K,CO, until no more fatty acids were removed. 
After 2-3 washings with water the solution was dried over anhydrous Na,SO, and the 
ether was then removed. The yield of triglycerides was about 85 % by weight of the fatty 
acids used. The triglycerides made from ground-nut oil had an iodine value of 69 as 
compared with 71 for the original fat. For butter the values were 42 and 44 respectively. 
The acid value of the resynthesized material varied from 0-22 to 0-44. We realize that the 
procedures as applied to butter must have resulted in some loss of volatile fatty acids. 

(c) Rats. Eight groups of three littermate male rats were used and the experimental 
conditions were as in Exp. 1 A; to minimize scattering, however, the diets were mixed 
with three-quarters of their weight of water. The results are given in Tables 2 and 3. 
They confirm those previously obtained and show the unmistakable calcifying effect of 
fat devoid of vitamin D. The differences are statistically significant (Table 3). The P 
content of the starch diet was slightly higher than that of equicaloric amounts of the fat 
diets. This was due to traces of P present in starch and would, if anything, increase the 
bone ash content of the rats receiving this diet. There was no difference in antirachitic 
effect between the fats derived from butter and from ground-nut oil, showing that 
vitamin D had been quantitatively extracted from the former. It will be noticed that the 
ash content of the bones was higher in this experiment than in corresponding groups in 
the previous one. This may have been due to biological variations; it is probable, however, 
that feeding the diet wet was the cause of the difference [Booth, Henry & Kon, 1935]. 
Separate experiments showed that the butter-fat itself, when incorporated in the same 
proportion in the basal diet, produced in » group of eight female rats a bone ash of 
49:1%. At the same time its non-saponifiable residue fed at a corresponding level to 
eight female rats receiving the basal diet gave a bone ash of 44-8 % , while eight females 
receiving the unsupplemented diet had 32-6 % ash in their bones. These diets were fed 
dry. 
3. The calcifying effect of triglycerides resynthesized from various 

natural fats and oils 
This experiment was done in 1934 and smaller numbers of rats were used. 

(a) Diets. Diet 28 A was fed to all rats. In addition, to some animals resynthesized 
triglycerides were given by mouth to the extent of 1 g. daily, roughly corresponding to 
12:5 % of the diet; otherwise the experimental conditions were as already described. The 
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synthetic triglycerides were prepared very much in the same way as in the second experi- 
ment. The following oils were used: olive oil (Crosse and Blackwell, first pressing), 
coconut oil, deodorized soya bean oil, raw linseed oil (all three from British Oil and Cake 
Mills, Hull), home-rendered lard [Kon & Booth, 1934 6] and butter (N.I.R.D., churned in 
January). ; 

(6) Results. The results are given in Table 5. Without exception all synthetic fat 
diets gave better calcification than the diet without added fat, but in view of the small 
number of animals used caution must be used in interpreting results. It would be unwise 


Table 5. Exp. 3. Data for-rats receiving the rachitogenic diet of Steenbock & Black [1925] 
ad lib, supplemented with 1 g. daily of the resynthesized triglycerides of various natural 
fats and oils. Diet fed dry 


Litter Wt. of rat Litter Wt. of rat Litter Wt. of rat Litter Wt. of rat 
no. g. % no. g. % no. g. % 
and ——*——, bone and ;~——*——, bone and ;-——*——, bone 
sex Initial Gain ash sex Initial Gain ash sex Initial Gain ash sex Initial Gain ash 
Diet 28A Diet 28 A + coconut oil Diet 28 A +lard Diet 28 A + olive oil 
58 28 320 I, ¢ 58 22 326 I, ¢ 59 15 35:5 I,.d 58 22 31-6 
57 34 33°55 II,2 62 22 349 II,2 60 26 38-4 II,2 63 25 35-2 
60 24 32-4 III,Q2 62 24 32:7 Tid 61 29 37:3 III, g 58 27 30-7 
61 29 310 IV,¢3 61 6 37°55 IV,2 60 11 43-4 IV,¢ 58 14 37:3 


59-0 28-8 32-2 Mean 60-8 18-5 34-4 Mean 60-0 20-3 38-7 Mean 59-3 22:0 33-7 


Diet 28 A +linseed oil Diet 28 A + soya oil Diet 28 A + butter 


a2 59 9 38-7 I,g 59 13 346 I, 2 62 15 38-2 
II,g 59 18 36-0 II,2 60 18 373 II,g 58 24 835-1 
iil, g 60 18 33-7 Il,¢ 62 16 «6365 TILd 59 $2 34-7 
IV,2 62 1 38-1 IV,3 60 3 39-1 IV,2 60 14 42-9 
Mean 60:0 11-5 36-6 Mean 60-3 12:5 36:6 Mean 59-8 20:3 37-7 





Table 6. Exp. 4. Data for rats receiving a synthetic rachitogenic diet with or without 
added fat. Diets fed dry 


Wt. of rat Wt. of rat 
g. Diet Ca P % g. Diet Ca P % 
Litter ——"—.,_ intake intake intake bone ———.__ intake intake intake bone 
no. Initial Gain g. g. g. ash Initial Gain g- g. g- ash 
Diet 131 Diet 132 ( + fat) 
15 60 a 29-0 62 17 34-2 
€ 4 98.5 31-2 
- . e 789-24 10-671 = oy f 741-49 (13-176 1-008 — 
7 658 10 25-8 58 17 31:3 


10 +60 14 | 27-5 59 aa) 31-5 


ie : : 7 
1a op oo + 79000 1080 oss. Stl 866638} eese7 14-007 1-145 38) 
4 59 12 | 28-7 60 24 31-6 


Mean 59-3 10-0 198-54 2-684 0-207 28-0 59-9 21:0 197-97 3-518 0-269 31:9 





to speculate as to the effects due to differences in constitution between the fats. The 
diets were not balanced for Ca and P but rats receiving fats were compared with rats 
given the undiluted rachitogenic ration. As said above, this would, if anything, tend to 
counteract the fat effect. 


4. The calcifying effect of fat when included in a rachitogenic diet 
made of purified constituents 


(a) Diets. The rachitogenic diet (no. 131, Table 1) consisted of dried, heat-coagulated 
egg white, 13-7 %; castor sugar, 9-17 %; rice starch, 66-10%; semi-hardened ground-nut 
oil, 499%; Ca and P-free salt mixture [Henry & Kon, 1937], 2-69°%; CaHPO,, 2H,90, 
0-29%; and CaCO,, 3-00 %. The analysis of this diet and the composition and analysis 
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of the diet containing a larger proportion of fat (diet 132) are given in Table 1. As 
nearly all the P in these diets was in the available form, its level was adjusted to corre- 
spond to the estimated available P present in the 2965 diet of Steenbock. A small amount 
of fat was included in the basal diet to give it a better consistency and to supply essential 
fatty acids. The vitamin B complex was supplied as an extract of yeast low in Ca and P, and 
wheat germ in the proportions used by, and made after the method of, Day & Stein [1938]. 

(6) Rats. Eight pairs of littermate male rats were used. These were kept at first in 
individual cages and the calorie intakes were equalized between pairs. The animals 
receiving the unsupplemented diet consistently left food; the equalization was therefore 
discontinued after the first week and the animals were kept four in a cage and allowed to 
eat ad lib. Group food consumption records were kept. 

(c) Results. The results are given in Tables 3 and 6. The diet containing extra fat 
produced better calcified bones and the difference in calcification between the two diets 
is statistically significant. 

It will be seen that the rats receiving the fat diet consumed more calories, Ca and P 
than their littermates. This may affect the validity of bone-ash comparisons. On the 
other hand, the slow rate of growth of the rats given the unsupplemented diet would tend 
to diminish the severity of rickets. On balance there is therefore no reason to doubt the 
genuineness of the fat effect. 


5. The failure of fat to improve calcification in rats receiving high 
P-low Ca diets 


It is unlikely that the beneficial effect of fat fed in conjunction with the customary high 
Ca and low P rachitogenic diets is due to direct influence on the mechanism of calcifi- 
cation. It is probably primarily connected with changes in the balance in the gut of the 
bone-forming elements. If this is the case one would expect an abolition or reversal of 
this effect in diets producing faulty calcification by virtue of a marked excess of P over 
Ca. The following experiments have shown that with this type of diet fat does not im- 
prove the bone ash content. 


A. Comparison of starch and fat in their effects on calcification in rats when added in 
isocaloric amounts to a high P-low Ca rachitogenic diet 

(a) Diets. The basal diet (diet 141) was a modification of the diet of Gridgeman et al. 
[1939]. The salt mixture consisted of 1-5 parts CaCO;, 6-0 parts NaCl, 3-0 parts 
MgSO,, 7H,0, 0-96 parts ferric citrate and 0-04 parts KI. It was included in the diet 
to the extent of 1:15%. This was balanced by increasing the flaked maize to 86-85%. 
The composition and analyses of the starch and fat diets prepared from this basal ration 
are given in Table 1. 


Table 7. Exp. 5A. Data for rats receiving a low Ca-high P diet with starch or fat 
added in equicaloric amounts. Diets fed dry 


Wt. of rat Wt. of rat 


Diet Ca P Diet Ca a 


g. & : , 
Litter —_“__ intake intake intake c———._ intake intake intake bone 


no. Initial Gain g. g. g. Initial Gain g. g. g. ash 
Diet 142 ( + fat) Diet 143 (+starch) 

26 200-90 0-1283 258:14 01420 0-:5075 43-3 

32 227-98 0-1456 298-60 0-1642° 0-5870 40-2 

35 232-98 0-1489 281-70 0-1549 0-5538 42-2 

27 196-36 0-1255 259-03 00-1425 0-5093 44-] 

24 165-77 01059 224-68 01236 0-4417 39-2 

39 179-48 0-1148 237-57 0-1307 0-4671 40-2 

9 198-17 0-1267 260-86 0:1435 0-5129 43-3 

15 241-96 0-1545 318-44 0O-1751 0-6261 44-2 


Mean 58-6 25-9 205-45 0-1313 


SCODRAH SH 





FE SEESESSS 
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267-38 0-1471 0-5257 42-1 
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(6) Rats. Eight pairs of littermate female rats were used. The calorie intakes were 
equalized within pairs as already described. The diets were fed dry. 

(c) Results. The results are given in Tables 3 and 7. This time there is no difference 
between calcifications on the two diets. The Ca content of the starch diet was slightly 
higher than that of an equicaloric amount of the fat diet, owing to presence of traces of 
Ca in starch which became noticeable at this low level of Ca intake. It is very doubtful 
whether this could in any way account for the lack of difference between the two diets. 
It will be remembered that a similar difference in the P levels between diets 124 and 130 
(Table 2) did not prevent the manifestation of the fat effect with high Ca-low P diets. 


B. Lack of improvement in calcification following the addition of fatty acids to a high P- 
low Ca rachitogenic diet 

This experiment was carried out in 1934. A diet similar to Steenbock’s 2965 but with 
the Ca : P ratio reversed was made by omitting the 3° CaCO, and adding instead 1-45 
parts of CaH,(PO,)., H,O and 3-33 parts of Na,HPO,, 12H,O to 97 parts of the basal 
ration (diet 44). The Ca : P ratio was 1 : 3-99. The fatty acids diet (diet 44 A) was made 
by mixing 7 parts of this diet with 1 part of fatty acids of home-rendered lard [Kon & 
Booth, 19346]. Both diets were fed ad lib., 4 pairs of littermate rats being used. The 
results are shown in Table 8 and can be contrasted with the results of feeding the same 
fatty acids combined with the orthodox 2965 diet of Steenbock reported by Kon & Booth 
[19346]. They certainly lend support to the findings described by us under the preceding 


caption. 


Table 8. Exp. 5B. Data for rats receiving a low Ca-high P diet alone or with added 
fat. Diets fed dry 
Wt. of rat (g.) % Wt. of rat (g.) % 


Litter no. bone — "UW bone 
and sex Initial Gain ash Tnitial Gain ash 


Diet 44 Diet 44A ( + fat) 


60 21 44-3 59 0 42-3 
62 22 48-8 62 4 45-0 
61 23 43-9 59 ar 42-0 
59 19 49-3 60 16 44-8 


60-5 21-3 46-6 60-0 7-8 43-5 


6. Metabolic study of the effects of fat on the assimilation of Ca and P from a high 
Ca-low P rachitogenic diet 


This experiment was carried out in an attempt to ascertain the mode of action of fat. 

(a) Diets. As in Exp. 1 B the Gridgeman e¢ al. [1939] diet was used as a basis. We 
have found that this diet is very satisfactory as it consistently produces very severe 
rickets. Diet 127 A was the same as diet 127 of that experiment, but a different batch of 
refined semi-hardened ground-nut oil was used (I.v. 75-6, M.P. 28-31°). Diet 144 was 
similar to diet 126 but maize starch was used instead of rice starch and the non-saponifi- 
able residue of ground-nut oil prepared as described on p. 449 was incorporated at a 
level equivalent to 20 g. of oil per 132 g. of the diet. This was done to counter-balance any 
vitamin D which might possibly have been present in the natural oil. The analysis of 
the diets is given in Table 1. 

(b) Rats and method of feeding. Seven pairs of littermate male rats were used. Allo- 
cation to diets was by toss of coin. The general arrangement of the experiment was as 
described by Henry & Kon [1937]. The diets were fed mixed with distilled water, 127A 
with its own weight and 144 with 1} times its weight. Calorie intake was equalized 
between pairs. Distilled water was given to drink and 4 i.u. carotene were administered 
daily. It was planned to have a 4-week collection period, but the rats scattered their food 
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badly at the beginning; the start of the balance experiment was therefore postponed for 
a week and the collection was over 3 weeks only. 

(c) Results. The results are given in Tables 3 and 9. They confirm in the first instance 
the findings reported on p. 448. The ash content of the bones on the fat diet was again 
significantly better than on the starch diet. Both groups of rats developed severe rickets 
and it will be seen that the rats receiving the starch diet were actually in negative Ca and 
P balance. The mean losses were about 30 mg. of Ca and 3 mg. of P per rat per week. 
Brown & Shohl [1930] obtained positive balances with rats receiving the Steenbock 
2965 diet; the degree of rickets was, however, much less than in our experiments. With 
the inclusion of fat in the diet the balances became slightly positive, each rat now 
retaining about 11 mg. of Ca and 10 mg. of P a week. All seven rats getting the fat re- 
tained more or lost less Ca and P than their littermates on the starch diet. Statistical 
significance attaches, however, only to the second comparison, because of greater 
variation from rat to rat in the Ca balance. This change in mineral balance was brought 
about by a significant decrease in the urinary excretion of Ca by all rats receiving fat. 
The mean faecal excretion was also less, but this was almost entirely due to a relatively 
large difference within one pair of rats. The urinary excretion of P, in any case very 
small, was not altered, but the feeding of fat caused a uniform decrease in faecal P. 

In view of the lack of agreement as to the effects of vitamin D on Ca and P metabolism 
of rats receiving high Ca-low P diets it is difficult to say whether the action of fat noticed 
by us is similar to or different from that of vitamin D itself. 


Discussion 


From all these different experiments there emerges a well founded observation that 
vitamin D-free fat exerts a definite beneficial effect on the calcification of rats receiving 
high Ca-low P rachitogenic diets. This fat effect does not however, take place when the 
balance of the bone-forming minerals is reversed, that is when the P in the diet is high 
and Ca relatively low. In this respect the action of fat is qualitatively different from 
that of vitamin D, which acts whatever the Ca: P ratio of the diet [Shipley, Park, 
McCollum & Simmonds, 1921]. 

Our metabolic experiment showed that fat lowered the faecal loss of P and the urinary 
excretion of Ca. This would be compatible with the conception of Kay & Guyatt [1933] 
that rickets is a P deficiency disease, at any rate as applied to high Ca-low P rickets in 
rats. If fat improved the uptake of P from the gut, a certain amount of Ca absorbed but 
not retained for lack of available P would be combined and hence the urinary Ca would 
fall. What the actual mechanism of the fat effect is can hardly be deduced from our work. 
Zucker & Barnett [1922-3] ascribed it to the formation of insoluble Ca salts. The findings 
of Boyd, Crum & Lyman [1932] and of Hagnell-Zethreeus, Neymark & Widmark [1939] 
speak definitely against this hypothesis. The existence of the fat effect is firmly established 
by our experiments but further work will be necessary to explain its mechanism: 


SUMMARY 


1. Several independent experiments have shown that vegetable fats devoid of vitamin 
D and triglycerides resynthesized from the fatty acids of butter or arachis oil from which 
the non-saponifiable residue had been carefully removed exerted a definite antirachitic 
effect on rats receiving high Ca-low P rachitogenic diets, as compared with littermate 
rats receiving similar diets in which the fat was isocalorically replaced by starch. 

2. A similar effect was observed when a synthetic high Ca-low P diet containing 
25 % arachis oil in which all the P was present as inorganic phosphate was compared with 
a similar diet containing only 5% of the oil but supplying in equicaloric amounts the 


same quantities of Ca and P. 
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3. The calcifying effect of the resynthesized triglycerides of lard and of coconut, olive, 
linseed and soya bean oils was also demonstrated. 

4. Fat exerted no calcifying effect when added to high P-low Ca diets. 

5. A metabolic experiment showed that the addition of fat as compared with an 
equicaloric addition of starch lowers the faecal excretion of P and the urinary excretion 


of Ca. ; 
6. It is concluded that the fat effect is qualitatively different from that of vitamin D 


but that it requires further elucidation. 


We are indebted to Messrs Lever Bros. and Unilever Ltd. for the gift of the arachis oil 
used in this study. Our best thanks are due to Prof. T. P. Hilditch for much helpful 
advice on the synthesis of triglycerides, to Dr S. J. Rowland for analytical data on the 
fats and to Miss D. V. Dearden for the churning of the butters. 
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53. The Vitamin D Content of English Butter Fat 
throughout the Year 


By K. M. Henry and S. K. Kon, From the National Institute for Research in Dairying, 
University of Reading 


(Received 5 May 1942) 


Wilkinson [1939] has studied extensively the seasonal variation in the vitamin D content 
of Danish and Scotch butters. Equally extensive data for American butters have been 
reported by Bechtel & Hoppert [1936]. No comparable measurements have been pub- 
lished for English butter with the exception of the few figures quoted by Mattick [1938] 
and by Campion, Henry, Kon & Mackintosh [1937]. 

We have therefore undertaken an examination of the vitamin D content of butter 
churned at intervals from the milk of the typical south of England herd of cattle kept at 
the National Institute for Research in Dairying. For reasons fully set out in the accom- 
panying paper [Booth, Henry & Kon, 1942] and in our earlier publications [Kon & 
Booth, 1933; 1934 a, b] we are of the opinion that the customary method of measuring 
the vitamin D content of butter fat by feeding it to rats receiving high Ca low P rachito- 
genic diets leads to errors due to the antirachitic action of the fat itself. This fat effect 
would be especially noticeable with low potency butters. To avoid such spurious measure- 
ments we have used in our tests the non-saponifiable residue of butter. On several 
occasions tests on the butter itself were done at the same time. 


EXPERIMENTAL 


1. Butters. The butters were churned at approximately monthly intervals from March 
1940 to March 1941, from the bulk milk of the Institute’s herd which during that time 
consisted on the average of 6 (from 3 to 9) Guernseys and 41 (from 39 to 44) Shorthorns 
in various stages of lactation. The feeding and management of the cows was as described 
by Golding, Mackintosh & Mattick [1932], the cows were out by day throughout the year 
and out day and night from 26 April to 18 November 1940. 

The fat was rendered at a temperature not exceeding 60° and was filtered. It was 
stored at 0° until required. Saponification was by the short method .as described by 
Kon & Booth [1933]. The non-saponifiable residue was extracted 6 times with ether. 
After washing 4 times with water most of the ether was distilled off. A weighed amount of 
olive oil was then added and enough ether to give a clear solution. The ether was then 
removed as completely as possible by gently heating in vacuo and the olive oil solution 
was made up with olive oil to the requisite dilution. First grade olive oil which was proved 
to be a satisfactory solvent for vitamin D was used. The dilution was generally so adjusted 
that the daily dose was contained in 4 drops (77 mg.) from a standard pipette. A fresh 
batch was prepared every fortnight and was stored in the ice chest. The butter fat itself 
was fed from standardized pipettes at a temperature of about 40°. 

2. Rats. All comparisons were on littermates. Details of technique will be found in 
our previous paper [Booth et al. 1942]. 

3. Experimental technique. Six separate prophylactic tests [Kon & Henry, 1935] were 
done. In each, two or three levels of the International Standard for vitamin D were fed 
and a group of negative controls was included. As a rule only one level of each butter or 
non-saponifiable residue was given. The potencies were calculated from the best fitting 
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line relating, in each experiment, the gain in ash content over negative controls to the 
logarithm of the dose of standard. When more than one level of butter was fed the values 
were calculated by the average slope method [Irwin, 1937]. 

4. Results. The results are given in Tables 1 and 2 and Fig. 1. It was subsequently 
found that the standard (VD 21) used in the third experiment had deteriorated. This 
involved the May, August, September and October butters. Of-these only the August 
sample was available in quantities sufficient for a repeat test. When this was carried out 


Table 1. Assay of the antirachitic activities of butter fats and their non-saponifiable 
residues ; the bone ash contents of the experimental rats 


No. of animals Standard 


= % bone error of 
3 2 ash mean 


Exp. I, June 1940 
Negative controls 6 j 28-7 +0-77 
. : (0-05 iu. 6 j 32-0 +0-45 
Standard (v.p. 20): 10-10 a 6 . 37-0 =0-89 
Butter 21-22 Mar. 1940: {3% & ee 7 a 

Exp. II, Aug. 1940 
32-3 +0-67 
42-0 +0-86 
46-0 +0-49 
42-3 +0-86 
45-2 +0-83 
48-5 +0-80 
42-7 +0-81 
48-2 +0-60 


Negative controls 
Standard (v.p. 20): {Om a 


Butter 1-2 June 1940: n.s.r. 0-5 g. fat 
wep {03 g. fat 

[.s.x. (0-6 g. fat 
0-15 g. fat 

.0°30 g. fat 


Exp. III, Oct. 1940 


Negative controls 6 31-0 +0-87 
: * ivr 91). J0°075i.u. 6 5 31-9 +0-68 
Standard® (v.p. 21): joisiu 6 32-7 0-64 
Butter 29 Apr.-2 May 1940: y.s.r. 0-6 g. fat 6 j 38-0 +1-08 
Butter 3-4 Aug. 1940: n.s.R. 0°3 g. fat 6 j 36-7 +0-82 
Butter 31 Aug.—1 Sept. 1940: n.s.z. 0-4 g. fat 6 j 47-1 +1-24 

90_2n < (N.S.R. 0-6 g. fat 6 j 42-0 +1-02 

r 29-30 Sept. 1940: | , + 

Butter 29-30 Sept. 1940 \0-3 g. fat 6 . 39-1 +131 


Butter 7-8 July 1940: - 


BS SSS orcr org 
CUO CDH DA GH 


Exp. IV, Feb. 1941 
Negative controls j 5 30-0 +0-62 
f 0-075 iu. y j 32-7 +1-00 
Standard (v.p. 22): {0-15 i.u. j j 37°3 +0-65 
0-30 iu. j j 44-2 +0-82 
Butter 3-4 Aug. 1940: n.s.R. 0:3 g. fat j j 35°8 +0-81 
Butter 11-12 Nov. 1940: n.s.r. 0-9 g. fat j j 32-7 +0-62 
Butter 10-11 Dec. 1940: n.s.R. 1-0 g. fat F j 34-6 +0-67 
Butter 8-9 Feb. 1941: n.s.r. 1-0 g. fat 5 j 34-2 +1-22 
Exp. V, Apr. 1941 
Negative controls 6 
0-075 i-u. 6 
Standard (v.p. 23) {0-15 i.u. 6 
0-30 i.u. 6 
{n.s.R. 1-0 g. fat 6 
(0-3 g. fat 6 
{N.S.R. 3 mg. oil 6 
(3 mg. oil 6 
Exp. VI, July 1941 
Negative controls 6 j +0-67 
: 0-075 iu. 6 j +0-91 
Ste ¢ 7 23): — 0.74 
tandard (v.p. 23): tote a 6 E +0-76 
Butter 8-9 Mar. 1941: n.s.r. 1-0 g. fat 5 j +0-61 


* Defective standard, cf. above. 


+0-59 
+0-53 
+0-76 
+0-74 
+0-51 
+0-70 
+1-44 


Butter 29-30 Dec. 1940: 


DPADAAAIA SH 


Herring body oil A: 
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Table 2. Seasonal variation in the vitamin D content of butter fat measured on the fat 
itself or on its non-saponifiable residue 
iu. vit. D/g. iu. vit. D/g. 
fat on Ratio of fat on Ratio of 


—_—————_ activity a——"—_ activity 
Period of collection N.s.R. Fat N.s.R. : fat Period of collection  N.s.R. Fat N.S.R. : fat 


21-22 Mar. 1940 0-07 0-29 1:41 29-30 Sept. 1940 0-35 0-50 1:1-4 
29 Apr.-2 May 1940 0-22 _ _ 11-12 Nov. 1940 0-09 — 
1-2 June 1940 0-21 — — 10-11 Dec. 1940 0-10 _ 
7-8 July 1940 0-55 0-86 1:16 29-30 Dec. 1940 0-07 0-25 
3-4 Aug. 1940 0-38 — —_ 8-9 Feb. 1941 0-09 _ 
31 Aug.—1 Sept. 1940 0-97 — _— 8-9 Mar. 1941 0-08 _— 


the gain in ash content caused by the non-saponifiable residue of this butter proved to 
be almost identical in the two tests. We therefore felt justified in using the line of response 
obtained in Exp. 4 for the evaluation of the three remaining butters assayed in the 
previous experiment. The butter collected at the end of August and beginning of September 
produced a high degree of calcification and for it the calculation involves considerable 
extrapolation. 


Vit.Dj Hours 


JUNE JULY AUG. SEPT. OCT. NOV. DEC. JAN. FEB. MAR. 
1941 


Fig. 1. The seasonal variation of the vitamin D content of English butter fat in relation to change in 
sunshine. ——— Average daily hours of sunshine (Reading). 1.U. vitamin D/g. fat measured on 
the non-saponifiable residue of butter fat. © 1.vu. vitamin D/g. fat measured on butter fat. 


In the fifth experiment an examination of a herring body oil before and after saponifi- 
cation was included. The saponification was carried out exactly as for butter, and 
Table 1 shows that it caused no loss of antirachitic potency. 

The vitamin D potency of the butters remained at an almost constant low level of 
0-07-0-1 i.u./g. during the winter months. In spring and summer it rose steeply to a 
maximum of 1-0 i.u./g. at the end of August. Sunshine records were obtained for Jealotts 
Hill, 9 miles E.N.E. of Shinfield, and for Sutton’s Seed Trial Grounds at Reading 3} miles 
N.N.E. of Shinfield. The two sets of records were similar but only those for the nearer 
place are quoted here (Fig. 1). On the whole there was good correlation between the 
vitamin D content of butter and the amount of sunshine ta which the cows were exposed 
[Campion et al. 1937; Bechtel & Hoppert, 1936; Wilkinson, 1939]. In particular, August 
was sunnier than July and this may partly account for the very high value for the butter 
collected at the end of August. As mentioned above, errors of extrapolation should also 
be taken into account for this sample. 

On all four occasions when it was fed, butter fat proved more potent than the non- 
saponifiable residue prepared from it. It is noteworthy that the. difference between the 
two was not constant but that it varied according to the initial potency of the butter. 
Thus winter butter (March and December 1940) lost on saponification some three-quarters 
of its potency, whereas the corresponding loss for summer butter (July and September 
1940) was only of the order of one-third; Kon & Booth [1934a] had already noticed a 
similar variation. This is certainly what one would expect in view of the fact that fat 
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itself is antirachitic for the rat [Booth et al. 1942], for with butters low in true vitamin D 
relatively more fat would be fed. In comparing our values with those of other authors it 
should be remembered that they are expressed per g. of butter fat and not of butter. 
On the whole, our figures for English butters are, allowing for differences in technique, 
of the same order as those reported for butters from other countries [e. g: Wilkinson, 
1939; Bechtel & Hoppert, 1936]. 


SUMMARY 


1. The vitamin D potencies of the fat of butters churned at approximately monthly 
intervals from the milk of the Shinfield herd have been measured between March 1940 and 
March 1941. 

2. The assay was done by the prophylactic bone ash method against the international 
standard on groups of 11 or 12 rats, all comparisons being between littermates. 

3. For the tests the butter was saponified and the non-saponifiable residue was fed to 
avoid the antirachitic effect of fat itself. On four occasions simultaneous determinations 
were also made on the untreated fat. 

4. The values for the non-saponifiable residue varied from less than 0-1 i.u./g. fat in 
the months November-March to 0-55 i.u./g. in July and 0-97 i.u./g. in August. The latter 
figure may be too high. 

5. The values for untreated fat were invariably higher than those measured after 
saponification, the difference being much more marked in winter than in summer. 


We are greatly indebted to Dr S. J. Watson, Director of the Imperial Chemical 
Industries, Ltd., Jealott’s Hill Research Station and to the Air Ministry for access to the 
sunshine records and to Miss D. V. Dearden for the churning of the butters. 
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54. The Nutritive Value of Yeast Protein: Comparison of the 
Supplementary Values of Yeast Protein and Casein for 
Maize Protein in the Nutrition of the Pig 


By T. F. Macrae*, M. M. El-Sadrj{ and K. C. Sellers, From the Division of Nutrition, 
Lister Institute, Roebuck House, Cambridge, and the Institute of Animal Pathology, 
University of Cambridge 


(Received 22 May 1942) 


Since Osborne & Mendel [1919] found that rats thrived when given a diet containing 
brewer’s yeast as sole source of protein, many investigators have further studied the 
nutritive value of yeast protein. Plimmer, Rosedale, Raymond & Lowndes [1934], in 
experiments on chickens, and Mitchell [1924a] in experiments on rats, found that yeast 
protein, when it is the sole source of nitrogen in the diet, is intermediate in nutritive value 
between the high value animal proteins and the poorer vegetable proteins; Thomas 
[1909 ; 1910], from some experiments carried out on himself, had earlier come to a similar 
conclusion. Of particular interest are the experiments of Kon & Markuze [1931]; they 
showed that yeast protein supplements white bread protein in the nutrition of the rat. 

Trials of the value of yeast as a protein concentrate for the feeding of stock animals 
have all shown it to possess high nutritive value. For milk production dried brewer's 
yeast is as good as linseed cake [Barton, Ness & Crampton, 1926], or ground nut cake 
[Kieferle & Dusch, 1932] or soya-bean meal [Biinger, 1934]. In experiments summarized 
by Biinger [1939] dried cultured yeast (T'orula utilis) was found to be but little inferior to 
fish meal for fattening pigs, when fed with some cereal and potatoes or other root crop. 
Many other workers have found brewer’s yeast to be a good protein concentrate for pigs. 
The available information on the value of yeast for egg production and chicken rearing is 
less accurate but dried yeast appears to be about equal in value to dried skimmed milk. 

The present experiments were designed to find the value of yeast protein as a supple- 
ment for cereal protein. The pig was the experimental animal chosen and maize the 
cereal. Comparison was made with the value of casein as a supplement for the proteins 
of whole maize. 

METHODS 


The 24 pigs used were of the Large White breed from the pedigree herd of the Agricultural 
Research Council Field Station, Compton. From the time of weaning until the young 
pigs attained about 20 kg. body weight they were given a commercial pig feed. They were 
then divided into eight groups of three pigs each, according to the diets they were to 
receive. For practical reasons it was not found possible to put all the animals on experi- 
ment at the same time; 15 animals were first procured and divided to make up groups 1, 2, 
4, 6 and 7; later six pigs were received and these comprised groups 5 and 8; finally, three 
additional pigs were allocated to group 3. The sex, age at the beginning of the experiment 
and litter number of all the pigs are included in Table 3. 

Each group was housed separately in a large loose box which opened into a large 
uncovered yard. Both box and yard had sloping floors, and, as it was considered unwise 
to use bedding which the animals might eat, wooden boards were provided on which the 
animals could lie. The pigs had access to fresh water. The individual method of feeding 
was employed, the animals being fed to the extent of their appetites morning andevening. 
To prevent scattering, the diet was mixed to a creamy consistency with water; any food 


* Squadron Leader, R.A.F. { Mission member of the Egyptian University. 
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not consumed at the morning feed was mixed with the evening ration. As far as possible 
the amounts fed in the evening were so adjusted that the pigs left clean troughs but were 
satisfied. The weight of any small amount of food unconsumed after the evening meal 
was estimated and in the calculation of the food consumption this amount was subtracted 
from the total fed. The troughs were washed daily after the evening meal and at the 
same time the faeces and urine were washed from the box and yard. The animals were 
weighed once weekly. Early in the experiment, to reduce worm infestation, the pigs were 
given in their food .a single dose of the anthelminthic, phenothiazine (0-2 g./kg. body 
weight). The experiments were carried out during the summer months (May to September 
1940). 
Materials and diets 


Maize. The ground, whole yellow maize was taken from a single batch. 

Casein. The brand fed was ‘Ashless G.L.’, described by the manufacturers (Glaxo 
Laboratories, Ltd.) as a ‘self-soured’ type, well washed with dilute acetic acid. This 
contained 12-56% N (78-5 % protein). 

Yeast. This was kindly supplied by Dr A. C. Thaysen of the Chemical Research 
Laboratory (D.S.I.R.), Teddington and was pure Torula utilis, cultivated in a molasses 
medium, carefully washed and then roller-dried. 

About one-fifth of the nitrogen contained in yeast is non-protein in character and 
consists of purines and other simple nitrogenous compounds; in the present experiments, 
as in all previous experiments on the nutritive value of yeast protein, no attempt has 
been made to investigate the true protein. The expression ‘yeast protein’, or more 
correctly ‘crude protein’ usually includes all the nitrogen-containing compounds present 
in yeast and is determined by multiplication of the nitrogen content by 6-25. In the 
present experiments calculations have not been based on ‘protein’ but on nitrogen values, _ 
which appears to be a more reasonable procedure. 

The dried yeast used contained 7-87 % N, hence 49% ‘crude protein’. 

Yeast extract. In order to avoid autolysis, brewer’s yeast, kindly supplied by Messrs 
Greene, King and Sons, was obtained immediately after it had been filtered from the beer 
and was then added to twice its weight of boiling water. The mixture was boiled vigorously 
for 10 min. and then allowed to stand under sterile conditions for 2 days, after which the 
greater part of the extract was obtained by siphoning off the clear supernatant fluid. 
The remainder of the extract was separated from the yeast residue by a filtration process. 
The extract was adjusted to pH 3 with HCl and stored in sterile drums at 0°. This extract 
contained somewhat less than one-fifth of the nitrogen present in the yeast from which it 
was prepared. : 

Cod liver oil. This was of the type used in veterinary practice and was of guaranteed 
vitamin potency. 

Salt mixture. Commercial materials were used in the mixture which contained bone 
ash 3 parts, calcium carbonate 1 part, sodium chloride 1 part and ferric oxide 0-08 part. 

The composition of the various diets is given in Table 1. These were mixed at least 
once weekly. The yeast extract which was given to the pigs of groups 1, 6, 7 and 8 was 


Table 1. Percentage composition of the diets 


The pigs of groups 1, 6, 7 and 8 each received yeast extract equivalent to 30-45 g. dry yeast daily. 


Dried Dried 
Ground Casein yeast Cod- Ground Casein yeast Cod- 
yellow (ashless (Jorula liver Salt yellow (ashless (Torula liver Salt 
Group maize G.L.) utilis) oil mixture Group maize G.L.) utilis) oil mixture 
94-5 - 5 74:5 2 3 
89-5 —- 6 92-5 2 3 
84-5 = 7 88-5 3 
79-5 — 8 86-5 3 


bo ty bo bo 
Cr rn or 
by bo by bo 
Cr Or Sr Ot 
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added to the diet in the troughs before feeding. Each pig received daily an amount of 
yeast extract equivalent to 30 g. dry yeast until it reached 35 kg. body weight, when the 
amount was increased to that equivalent to 45 g. dry yeast. The pigs in the negative 
control group (group 1) received the larger amount of yeast extract from the ninth week 
of the experiment although they had not reached 35 kg. body weight. Table 2 gives the 
analyses of the diets. 
RESULTS 

Group 1. Maize diet with yeast extract but no added source of protein (Tables 3, 5; Figs. 1, 2) 

The three pigs (nos. 2008, 2006 and 2070) of this group did not thrive. During the 
16 weeks in which they received the experimental maize diet and the watery extract of 
yeast, their average weight increased from 18-7 kg. to only 27-8 kg. Nevertheless, the 
pigs remained healthy and were always eager for their food though they consumed little 
when it was offered. Ag the experiment progressed the pigs lost their sleek appearance ; 
their hair appeared rough and scanty. Because of lack of flesh and subcutaneous fat, the 
skin, although healthy, became wrinkled and the skeletal structure was very apparent; 
their heads were disproportionately large. Details of the amount: of food consumed, 
weight gained and other information concerning the individual pigs are given in Table 3, 
and in Table 5 the average values for the group are given. 

“After 16 weeks on the diet containing maize only as source of protein, pigs nos. 2008 
and 2070 were given 6 % casein in addition (i.e. they received the diet fed to the pigs of 
group 7). The food intake increased immediately and the animals gained weight rapidly. 
During the 4 weeks before adding the casein pigs 2008 and 2070 gained 1-4 and 2-5 kg., 
and during the subsequent 34 weeks they increased in body weight by 20-6 and 15-8 kg. 
respectively. Within about 1 week of the casein addition the animals cast their scanty 
coarse hair and on first sight appeared quite bald, but closer inspection revealed the 
presence of a fine new coat, which after 3-4 weeks had grown to a normal length, giving 
the pigs a fine, sleek appearance. There was a rapid deposition of subcutaneous fat, the 
wrinkles in the skin disappeared and in about 4 weeks the general appearance of the pigs 
was normal. The total food consumption of the two pigs for the 3} weeks period was 
72-3 kg. and this yielded a total live weight gain of 36-4 kg. One unit of live-weight gain 
was therefore pruduced by only 1-99 units of diet, an abnormally high productivity. It 
may be concluded that the pigs of group 1 did not thrive on the unsupplemented maize 
diet because of the inadequacy of the maize proteins. 

At the same time as its group mates were given the supplement of casein, pig no. 2006 
had 7-5 % gelatin added to its diet. It was calculated that this amount of gelatin would 
supply approximately the same amount of lysine as the 6% casein. In contrast to the 
pigs receiving casein, however, this animal showed no improvement in its condition after 
2 weeks, during which the total gain in body weight was only 0-6 kg. The diet was then 
further supplemented by the addition of 0-12°% tryptophan (making the tryptophan 
content of the diet about equal to that of the 6 % casein diet). After 11 days the pig had 
increased by only 0-2 kg. and its condition was quite unaltered. A commercial pig feed 
was now given; after 1 week a marked improvement in the condition of the animal was 
observed, and after 4 weeks the pig appeared quite normal, having cast its hair and 
grown a sleek new coat. During the 2} weeks after giving the commercial feed a body- 
weight increase of 6-9 kg. resulted. From this observation and the following ones, it 
would appear that in addition to lysine and tryptophan, yeast and casein contain at least 
one other constituent required to supplement the proteins of maize for the pig. 


Groups 2-5. Maize diets with addition of 5, 10, 15 and 20°/, dried yeast, respectively 
(Tables 3, 4, 5; Figs. 1, 2) 
In contrast to the pigs of group 1 which received the maize diet supplemented with 
yeast extract, the animals of groups,2-5 receiving dried yeast developed satisfactorily, 
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the average weekly weight increases for the whole experimental period being 3-3, 5-5, 
3-96 and 4-02 kg. per pig, respectively. The pigs of group 5 (20% yeast) and more 
particularly those of group 3 (10% yeast), which were somewhat heavier at the beginning 
of the experiment, thrived well throughout the experimental period. The rate of body- 
weight gain of the pigs of groups 2 (5% yeast) and 4 (15% yeast) was not high until a 
weight of about 30 kg. was attained, when the rate of weight gain improved (see Fig. 1). 


Body wt. of pigs (average of groups) 


Fig. 1. Average growth curves of the pigs in various groups. From the point marked + two of the pigs 
of the group which had previously received the unsupplemented diet were given 6% casein and the 
third pig was given 7-5% gelatin, a source of lysine, and later 7-5% gelatin plus 0-12% tryptophan. 
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Fig. 2. Effect of the addition of yeast and casein on the productivity of the total nitrogen. The amount 
and nature of the source of protein added to the diet of the various groups of pigs is- indicated beside 
the experimental points. 


All the animals receiving yeast remained healthy, their coats were always sleek and they 
grew to be fine pigs. Pig 2034 (5% yeast), pig 2168 (10% yeast) and pig 2080 (15% 
yeast) were each observed to vomit on one occasion shortly after feeding, while pig 2167 
(10% yeast) vomited on two occasions. These animals may have vomited at other times. 
All the pigs having the yeast-containing diets consumed their meals with relish and the 
occasional vomiting was attributed to the animals taking their food too greedily. Pig 
2097 (20% yeast) became lame towards the end of the experimental period. The joints 
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Table 5. Average values for the various growps of pigs 


Wt. Food Wt. Food 
Av. Wt. gained intake Av. Wt. gained intake 
weekly gained per unit per unit weekly gained per unit per unit 
wt. per unit digestible wt. é per unit digestible wt. 
increase Nintake N intake gained i Nintake Nintake gained 
kg. kg. kg. kg. a kg. kg. kg. 


Whole experimental period 
(approx. 20-85 kg.) Period 24-47 kg. body wt. 


1 (no added “56 7-32 9-1 ; — — 
protein) 
2 (5% yeast) g 17-6 21-65 , 19-5 24-0 
3(10% yeast) 5 17-5 21-0 . 13 18-7 22-4 
4 (15% yeast) ; 15-1 17-9 . ; 17-1 20-25 
5 (20% yeast) . 13-05 15-3 , “22 16-0 18-8 
6 (2% casein) “2 19-3 23-3 5 19-45 23-5 
7(6% casein) 4- 17-75 20-4 . . 20-55 23-6 
8 (8% casein) . 14-2 16-0 . 5 16-5 18-6 


Period 47-70 kg. body wt. Period 24-70 kg. body wt. 


1 (no added = — -- 2 -— — 


protein) 
2(5% yeast) 4-36 17-4 18-3 22-5 3-12 


21- ; 
3(10% yeast) 6-359 17-5 21- 2: 18-1 21-7 2-68 
4(15% yeast) 5:27 15°75 18 . . 16-45 19-5 2-56 
5 (20% yeast) 4-92 12-2 14-35 , 13-85 16-3 2-68 
6 (2% ‘casein) 5-23 19-75 23-9 2. 99 ° 19-6 23-7 3-02 
7(6% casein) 5-81 17-7 20-4 2-65 , 19-0 21-85 2-47 
8(8% casein) 4-43 13-8 15-6 3-09 , 15-2 17-2 2-79 


of the forelimbs appeared to be sore but examination after slaughtering revealed no 
lesions. The forelimbs of pig 2118 (20% yeast) were somewhat stiff during a few weeks 
towards the end of the ocean period, but the animal later recovered. 

As regards the weight of food consumed per unit of live-weight gain and the live- 
weight gain per unit of N consumed, there was good agreement amongst the individual 
pigs in groups 2-5 (Tables 3, 4). On the diet containing 5% yeast there was a smaller 
live-weight gain per unit of food consumed than on the diets containing the higher 
proportions of yeast; reckoned over the whole experimental period, the average unit 
live-weight gain in the groups receiving 5, 10, 15 and 20% yeast corresponded to 3-27, 
2:77, 2:79 and 2-83 food units of the respective diets. The gains in live weight per unit 
of digestible N consumed were similar in the groups receiving 5 and 10% yeast, but 
when the amount of yeast was increased to 15 and 20 % the gains per unit of N consumed 
decreased ; the average gains per unit of digestible N consumed by the groups receiving 
5, 10, 15 and 20% yeast were 21-65, 21-0, 17-9 and 15-3 respectively. 


Groups 6-8. Diets with yeast extract and 2, 6 and 8°/, casein respectively (Tables 3, 4, 5; 

Figs. 1, 2) 

The animals of these three groups thrived well, the average weekly weight increase 
over the experimental period being 4-24, 4-58 and 3-48 kg. for the groups receiving 2, 6 
and 8% casein respectively. The rate of weight increase of the pigs receiving the 2% 
casein diet was particularly good, considering that the diet contained only 8-7 % digestible 
protein and had a nutrient ratio of 1 : 9-0. The growth rate of the pigs of group 8 (8% 
casein) was somewhat inferior to those of the pigs of the other groups; this was probably 
because the animals were less healthy. Pig 2128 (group 8) refused his food on occasion 
and developed stiffness of the joints of the forelimbs (see below). On examination after 
slaughtering, the walls of the thoracic cavity were observed to have many watery blisters 
which may have been due to a pulmonary infection. Pigs nos. 2036 and 2069 of group 7 
and nos. :2128 and 2098 of group 8 became lame after about 10 weeks on the experimental 
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diets. The condition of these pigs was similar to that of pigs 2097 and 2118 of group 5 
(see above), but was much more severe. The knee joints of the forelegs appeared to be 
stiff and tender. The animals preferred to lie down and were always loath to put their 
weights on their forefeet ; the pigs were sometimes observed to walk on their knees. There 
appeared to be slight swelling round the affected joints. Neither the addition of 2% 
CaCO, to the diets of pigs nos. 2036 and 2128 for a period of 2 weeks nor the addition of 
2% NaH,PO, to the diets of pigs nos. 2069 and 2098 for the same-period improved the 
condition of these animals. Towards the end of the experimental period the tenderness 
of the joints showed improvement but some stiffness persisted. No gross changes were 
apparent on post-slaughter examination of the joints. The cause of the above condition 
was not determined, but it seems probable that it was not rachitic in character. The diets 
contained about 0-8 % Ca and 0-7 % P, of which about 0-5 % was non-phytin P; neither 
the addition of extra CaCO, nor of NaH,PO, improved the conditions. The 3 % cod-liver 
oil in the diet must have supplied an abundance of vitamin D and the animals also spent 
most of the summer days in the open air. The diets of the affected pigs all contained the 
larger amounts of protein; the pigs of group 6 (2-0 % casein) and those of groups 2, 3 and 4 
(5, 10 and 15% yeast respectively) remained active throughout the experimental period. 

The productivities of the various casein-containing diets were similar to those of the 
corresponding yeast-containing diets. Reckoned over the whole experimental period the 
average amounts of the diets containing 2, 6 and 8 % casein which corresponded to unit 
increase in live weight, were 3-07, 2-68 and 2-98 respectively. The gain in weight per unit 
of digestible N was highest in the group having the diet containing 2°, casein and de- 
creased as the percentage of casein in the diet was increased to 6% and to 8%, the 
averaye values for the three diets being 23-3, 20-4 and 16-0 respectively. 


Comparison of the supplementary values of yeast protein and casein for maize protein 


(Tables 3, 4, 5; Figs. 1, 2) 

In their method for comparison of the nutritive value of different proteins, Osborne, 
Mendel & Ferry [1919] determined the gain in weight of rats per unit of protein ingested 
from diets containing varying proportions of protein. The value of this expression in- 
creased with increase of protein level in the diet to a maximum and then decreased. 
Both the percentage of protein in the diet giving the maximum weight increase per unit 
of protein ingested and the value of the maximum increase were taken into account 
in estimating the nutritive value of the protein. 

In calculating the results of the present experiments, a technique resembling that of 
Osborne et al. [1919] has been used. However, since much of the N in yeast is non-protein 
in character and the digestibilities of the N of maize, yeast and casein are quite different 
in degree, all comparisons in this section have been made with the digestible N values 
rather than the ingested protein values. As anticipated, the average weight gain per 
unit of digestible N consumed decreased as the body weight of the pigs increased, 
particularly in the groups receiving the larger amounts of yeast or casein (see Table 5); all 
comparisons are therefore made over the same ranges of body weight increase. 

Over the period in which the body weight of the pigs increased from 24 to 70 kg. 
(approx. 50-150 lb.) the average weight gains per unit of digestible N consumed by the 
pigs in groups 2, 3, 4 and 5, receiving diets containing 5, 10, 15 and 20% yeast, were 
22-5, 21-7, 19-5 and 16-3 respectively; the amounts of digestible N in these diets were 
1-42, 1-71, 2-00 and 2-30, and the proportions of the total digestible N supplied by 
the yeast were 24-7, 41-2, 52-8 and 61-4% respectively. The average weight gains over 
the same range of body-weight increase per unit of digestible N consumed by the pigs of 
groups 6, 7 and 8, receiving 2, 6 and 8% casein were 23-7, 21-85 and 17-2 units re- 
spectively; these three diets contained respectively 1-40, 1-85 and 2-08 °% digestible N 
and, of the total digestible N, 18-0, 40-7 and 48-2 % respectively, was supplied by the 
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casein in the diets. Similar calculations made over the whole experimental period of 
approximate weight increase from 20 to 85 kg. and over the ranges 24-47 kg. and 
47-70 kg. gave values which in general were similar to those for the range 24-70 kg. 
(see Tables 3, 4, 5). 

Since the highest weight increase per unit of digestible N consumed occurred in the 
pigs receiving the diets with the smallest amounts of yeast or casein (5 and 2% re- 
spectively) the proteins present in these amounts were evidently sufficient to supplement 
completely the proteins of the maize. The supplementary values of yeast protein or casein 
for maize protein are thus shown to be very great. Taken over the whole experimental 
period, the average weight gain per unit of digestible N consumed by the pigs receiving 
the unsupplemented maize diet was 9-1, the addition of 5% yeast, i.e. about 2-5-°% crude 
yeast protein, which supplied 24-7 %, of the total digestible N of the diet, increased the 
above value to 21-7 while the addition of 2° casein, which supplied 18 % of the total 
digestible N of the diet increased it to 23-3. 

The extra protein laid down in the tissues of the pigs as a result of supplementation of 
the maize diet with small amounts of casein or yeast was considerably more than the 
amounts contained in the casein or yeast added. Eight weight units of the digestible 
maize N as consumed from the unsupplemented diet (group 1) yielded a body-weight 
increase of about 70 units, while 8 units of digestible maize N, together with 2 units of 
digestible casein or yeast N yielded about 230 units of body weight increase; thus the 
additional 2 units of N yielded about 160 units extra body weight increase. If the pro- 
portion of protein in the pig’s body is assumed to be 15% of the live weight,* it is 
calculated that the addition of the 2 units of digestible N from casein or yeast caused 
about 3-5 units of extra N to be laid down in the tissues of the pigs: 

It is possible to make a very rough estimate of the proportion of the digestible N, not 
used for maintenance, which was retained in the tissues of the pigs of the different groups. 
Calculations have been made for the pigs of group 1 for the whole experimental period 
and for those of group 2 (5% yeast) and group 6 (2 % casein) for the period during which 
their body weights increased from 24 to 47 kg. In doing so it has been assumed: (1) that 
the pigs required 2 g. each, daily, of digestible N for maintenance, since pigs of this 
weight, when fed on a N-free diet, excrete about 2g. N daily [see Mitchell, 19245]; 
(2) that for all the groups of pigs the amount of protein laid down was 15 % of the body 
weight increase. Thereby it has been estimated that only about 35% of the total N 
available for body building was retained in the tissues of the pigs of group 1 (no protein 
supplement), while 70-75% was used for tissue building by the pigs of both group 2 
(5% yeast) and group 6 (2% casein). 

The maximum body-weight increase per unit of digested N, as observed in our experi- 
ments, was about 24 units. In unpublished experiments with pigs by Sir Charles Martin, 
in which yeast and casein were the sources of protein in the diet, a similar value was 
obtained. Woodman & Evans [1940], in their experiments on ‘low-protein’ diets for 
pigs, obtained about 22 units body weight increase per unit digestible N fed. It would 
appear, therefore, that 24 units weight increase per unit digestible N consumed is about 
the maximum value for the pig. This value was given in our experiments by the maize 
diets containing 2% casein or 5°, yeast (groups 6 and 2 respectively), so that the com- 
bined proteins of these diets, made up of 4 parts digestible maize protein and 1 part of 
casein or digestible yeast protein, must have approached the ideal protein mixture for 
the pig. 

Examination of the carcass quality of the pigs by Dr E. H. Callow (see Addendum 1) 
showed that there was no significant difference between the proportion of fat to muscle 
in the animals which received yeast and those receiving casein; presumably, therefore, 
approximately the same amount of protein was laid down by the animals. 


* Dr E. H. Callow, personal communication. 
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Statistical examination of the experimental data by Dr J. O. Irwin and Mr J. C. D, 
Hutchinson (see Addendum 2) revealed no significant difference in the weight gain per 
unit of N consumed by the pigs in the groups which received casein and the corresponding 
groups which received equivalent amounts of yeast protein; there was, however, a signifi- 
cant difference amongst the groups of animals receiving the different levels of protein. 

Consideration of the above results and of the additional data fully set out in Tables 3-5 
shows that, as a supplement for maize protein, the digestible N of yeast is about 
equal in nutritive value to that of casein; both are excellent supplements. 


Determination of the digestibility coefficients of the N of maize and yeast 


Since the pigs were given no bedding and the stools of the pigs in all the eight groups 
were well formed, it was possible to obtain a fairly accurate estimate of the dry weight 
of the faeces passed. Every day during a period of 2 weeks, when the weights of the 
animals averaged about 40 kg., the faeces from each group were collected and the total 
weights determined by mincing, mixing carefully and estimating the percentage dry 
weight in aliquot portions. 

Although the concreted floors of the pens sloped into a drain, urinary contamination 
of the faeces was unavoidable; this had little effect on the dry weight of the faeces but a 
considerable effect on their N content. To determine the amount of N in the faeces, 
samples from each of the pigs were obtained, free from urine, immediately they were 
passed, dried and their N determined. From the average N content of the dried faeces 
from the three pigs of a group and the total weight of dry faeces excreted by the animals 
during the 2 weeks period, the total amount of faecal N excreted by the group during that 
period could be calculated. 

In the determination of the coefficient of ‘apparent’ digestibility of maize N (Table 6), 
from the data given by the groups of pigs receiving casein, it was assumed that the N 
of the casein and yeast extract was completely digestible. In the case of the casein, at 
least, this was justifiable, since increasing the casein content of the diet from 2 °% (group 6) 
to 8% (group 8) did not increase the faecal N to any considerable extent. From results 
of groups 6-8, receiving 2, 6 and 8% casein, the digestibility coefficients obtained for 
maize protein were 80-2, 77-0 and 79-4 respectively, while the value calculated from the 
total intake and faecal output of the three groups taken together was 79-1; this value 
was used in making all calculations. The pigs of group 1 (no extra protein supplement) 
gave a digestibility coefficient for maize protein of only 71-4. The animals of this group 
consumed little food and therefore little N, so that the amount of endogenous N excreted 
in the faeces must have been larger in proportion to the N intake than in the other groups 
of pigs which consumed much more N;; even in these groups much of the N present in the 
faeces must have been endogenous in origin, and therefore the difference between the 
ingested and faecal N indicates not the ‘true’ digestibility, but only the ‘apparent’ 
digestibility of the former. é 

In the determination of the ‘true’ digestibility coefficient of yeast N (Table 7) it was 
assumed that the ‘apparent’ digestibility coefficient of maize N was 79-1. The values 
for the digestibility coefficient of yeast N calculated from results obtained with the pigs 
of groups 3, 4 and 5 receiving 10, 15 and 20% yeast, agreed well with each other, being 
90-6, 88-0 and 91-7 respectively. The value given by the animals of group 2 (5% yeast) 
was 84-0; the amount of yeast in this diet was probably too low for the accurate deter- 
mination of the digestibility of the yeast protein. The value employed in the calculations 
throughout this paper was 89-6 and was obtained from the results on all the four groups 
receiving yeast. 

The value 79-1 obtained for the coefficient of ‘apparent’ digestibility of maize N agrees 
well with those given by other investigators. It is probable, therefore, that the value of 

89-6 found for the ‘true’ digestibility coefficient of the dried yeast approximates to the 
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Table 6. ‘Apparent’ digestibility of nitrogen of maize* 


Total food 
intake per 
group during 
2 weeks 
kg. 


Intake of 
maize N 


kg. 


Weight 
of dry 
faeces 

kg. 


% Nin 
faeces 


N output 
in faeces 


kg. 


Coeffi- 
cient of 
digestibility 
of maize N 


0-110 71-4 
0-283 80-2 


0-385 4:37 2-51 
13-62 2-07 


1 27-15 

6 102-4 1-43 
(2% casein) 

7 2- 0-838 8-43 2-29 
(6% casein) 

8 0-997 9-39 2-18 
(8% casein) 
Total of groups 6-8 -— 3-265 — _- 0-681 79-1 

* It is assumed that the N of casein and yeast extract is completely digestible. 


0-193 77-0 


0-205 79-4 


Table 7. ‘True’ digestibility of N of dried yeast (Torula utilis) 
Assuming maize N has ‘apparent’ digestibility coefficient of 79-1. 
Food Intake Intake Nin Nin 


intake of of faeces faeces 


during maize yeast ofdry %N _ putin from from 
2 weeks N N faeces in faeces maize yeast bility of 


Group kg. kg. kg. kg. faeces kg. kg. kg. yeast N 
2 87-06 1-175 0-343 11-2 2-64 0-300 0-248 0-055 84-0 
(5% yeast) 


Coeffi- 
cient of 
digesti- 


Weight N out- 


3 83-32 1-06 0-648 10-66 2-64 0-282 0-061 90-6 
(10% yeast) 

4 88-63 1-06 
(15% yeast) 

5 92-61 1-04 


(20% yeast) 


/ 


1-045 13-68 2-54 0-126 88-0 


1-460 12-95 2-61 0-121 91-7 


Total of groups 2-5 — —_ 3-496 — _— _ _ 0-363 89-6 


correct value. V6ltz & Baudrexel [1911 a, 6] found that man digests 86% of the N of 
dried brewer’s yeast, while Kuen & Piiringer [1934] obtained values for the digestibility 
coefficients of cultured yeast protein of 86-4 and 94-4 respectively in two human subjects. 

The method employed in the present work did not permit of very accurate determina- 
tion of the total dry weight of the faeces, but this disadvantage was offset by the fact that 
the animals were living under normal conditions and not confined to metabolism cages 
as is usual in the determination of digestibility coefficients. 


Discussion 


Of the proteins present in human diets it is not uncommon to find that about half of the 
total is contained in the cereals. In general, the poorest people consume the most cereals 
but when food is scarce all classes must eat much cereal. The proteins of cereals as a class 
are not nutritionally of the highest quality since many do not contain a sufficient pro- 
portion of certain dietetically essential amino-acids; these must be supplied by the other 
protein-containing foodstuffs in the diet. In assessing the nutritive value of the protein 
of a non-cereal foodstuff, it is probably of more practical use to determine its value when 
fed with cereals rather than when it is the sole source of protein in the diet. 

In the experiments described above, which were designed to yield information on the 
supplemental value of yeast protein for cereal protein, maize was the cereal chosen. The 
proteins of maize include a considerable amount of zein, a particularly inferior protein, 
recognized to be poorer in quality than those of other cereals; therefore, any protein 
which supplements maize protein ought to be equally efficient in correcting the deficiencies 
of the proteins of other cereals. 


Biochem. 1942, 36 31 
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Much experimental evidence on the value of the proteins of maize in the nutrition of 
the rat and the pig is available. The rat does not thrive when zein [Osborne & Mendel, 
1914a] or maize gluten [Osborne & Mendel, 19146; 1917] are fed but when whole maize 
is given [Hogan, 1916] or maize gluten together with whole maize [Johns, Finks & Paul, 
1919], rats gain in body weight at a satisfactory rate. Lysine and tryptophan are the 
amino-acids deficient in maize which limit the growth of rats fed on a maize-containing 
diet [Osborne & Mendel, 1914a; 1917; Mitchell & Smuts, 1932]. In some of the earlier 
work on the value of maize protein in the nutrition of the pig, it is probable that nicotinic 
acid deficiency complicated the experiments [see Birch, Chick & Martin, 1937; Chick, 
Macrae, Martin & Martin, 1938a]. In the experiments of Chick et al. [19386] pigs given 
a diet containing 69-5 % ground maize and 25 % maize gluten, supplemented with adequate 
amounts of B-vitamins supplied as a watery extract of yeast, did not gain in weight 
because of the inadequacy of the protein; the animals thrived later when the maize gluten 
was replaced by casein. On the other hand, Hart & McCollum [1914] and McCollum, 
Simmonds & Pitz [1916] did succeed in making pigs thrive on a diet in which all the 
protein was supplied by maize. Their diet contained 30% ‘maize gluten feed’, a by- 
product in the manufacture of maize starch, rich in maize germ and therefore presumably 
containing proteins of higher quality than those in the maize gluten used by other 
workers, which mainly originated from the endosperm of the cereal. 

In the present experiments the animals receiving the unsupplemented maize diet did 
not thrive because of the inadequacy of the maize protein. Since the addition of small 
amounts of either casein or yeast to the diet made it adequate for the pigs, it would 
appear that it was the quality of the maize protein rather than its quantity which was 
the limiting factor. 

It is interesting that pig no. 2006 did not improve in any way when its maize diet was 
supplemented with gelatin, a good source of lysine, or with gelatin and tryptophan, 
whilst its group-mates improved rapidly when given casein. It would seem that casein 
and yeast contain undetermined amino-acids, additional to lysine and tryptophan, which 
are required to supplement maize protein for growing pigs. There appears therefore to be 
a species difference between pigs and rats as regards their amino-acid requirements, for 
it is well established that the addition of lysine and tryptophan to maize protein corrects 
it for the rat [Mitchell & Smuts, 1932; Osborne & Mendel, 1914a; 1917]. Species differ- 
ences as regards requirements for various water-soluble vitamins is of course well 
established ; for example, the pig requires that nicotinic acid be supplied in its diet whilst 
the rat appears to be independent of an extrinsic source of that substance. 

The value of yeast in correcting the deficiencies of maize protein has been emphasized 
above (pp. 468-9). The addition of 5% yeast (2-5% crude protein) to the maize diet 
changed it from one unsuited to the rearing of pigs to one which yielded fine animals. 
This effect was entirely due to the proteins of the yeast, since the unsupplemented maize 
diet was adequately supplied with all other nutrients, including the vitamins of the B 
group, which were added in a watery extract of yeast. Yeast protein is probably not 
inferior to casein for this purpose. 

Since high-quality protein and B-vitamins are probably the principal nutrients lacking 
in many poor diets, it would appear that yeast, which contains about 50%, of high 
quality protein and amounts of B-vitamins unsurpassed by any natural product, would 
correct the deficiencies of such diets more effectively than would any other foodstuff. 


Yeast in the nutrition of the pig 


It has long been recognized that yeast is a suitable foodstuff for the fattening of pigs. 
Halnan [1924] states that it is not advisable to feed more than 10% yeast. Of many 
investigators in America who fed brewer’s yeast to. pigs [Smith, 1924; Culbertson & 
Thomas, 1933; Edwards & Brown, 1925; Weaver, 1925; Shrewsbury, Vestal & Hange, 
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1932; Livesay & Stillwell, 1928; Loeffel, 1937], some observed that it had a beneficial 
effect, but none found it economical, since the slightly increased return did not cover the 
extra cost of the yeast. However, all the above workers added the yeast to diets which 
in themselves were reasonably well balanced, since they contained cereals together with 
varying amounts of different protein concentrates (tankage, soya bean meal and 
weatings); further, the amount of yeast added was usually small, generally less than 
1% of the diet and never more than 3%. 

Gartner & Gaede [1932] and Gartner [1937] found that pigs thrived much better when 
given a diet consisting mainly of steamed potatoes and barley meal, together with 
amounts of dried brewer’s yeast up to 600 g. per pig daily, than when given the same 
diet without the yeast. Steinbach [1937], on the other hand, considered it advisable to 
feed some animal protein with yeast to obtain the best results. In experiments by 
Biinger, Schultz & Augustin [1936], Biinger, Fissmer & Harre [1939] and Richter & 
Briiggemann [1936; 1939] summarized by Biinger [1939], the values were compared of 
fishmeal and of a cultivated yeast, of a type similar to that used by us, as supplements to 
diets consisting mainly of steamed or ensilaged potatoes and a cereal. Younger pigs 
thrived somewhat better when fishmeal was given, but for pigs of 100 lb. body weight or 
more, yeast and fishmeal were equally efficient supplements. 

In our experiments it was found that yeast corrected the deficiencies of maize for the 
pig even when only small amounts were included in the diet; this particular yeast is 
therefore a good protein concentrate for pigs. The animals having 5% yeast in their diet 
(about 2-5% crude yeast protein) did not gain in weight at a satisfactory rate until a 
body weight of about 60 Ib. was attained, but thereafter the rate of gain was good. With 
10% yeast or more there were very satisfactory gains, averaging about 10 lb. weekly 
throughout the experimental period. The average amount of diet which yielded unit 
body-weight increase over the body-weight range of 50-150 lb. in the groups receiving 
10, 15 or 20% yeast was only about 2-7 units. In ordinary practice the amount of diet 
required to give unit gain over this range is about 3-5 or more. The high productivity 
observed in the present experiments may have been partially due to the fact that our 
diets, by virtue of the maize and cod-liver oil they contained, had a higher energy value 
than diets commenly fed to pigs. Our experiments were carried out during the summer 
months when a higher productivity must be expected and, further, the pigs had no 
opportunity to scatter and waste their food. In practice it is probable that the most 
satisfactory results would be obtained by feeding 10% yeast in the diet until a body 
weight of about 80 lb. is reached and thereafter 5%. 

Of special interest is the observation that the pigs receiving the diets containing only 
2% casein and 5% yeast thrived well. These diets had nutritive ratios of 1 : 9-0 and 
1: 8-8 respectively, and therefore, according to common belief, should have been quite 
unsuitable for young pigs which are usually stated to require diets with a much narrower 
nutritive ratio of about 1 : 5. Woodman & Evans [1940] did find that young pigs thrived 
on a diet containing less protein than is usually fed, but even their diet had a nutritive 
ratio of about 1:7. Protein concentrates are usually rich also in B-vitamins and it 
seems possible that the vitamin requirements of the pig rather than its protein needs 
may have governed the amount of protein concentrate required. The growth of our 
animals, which received adequate amounts of B-vitamins either as yeast or yeast extract, 
as well as of other known essential nutrients, could only have been limited by the protein 
content of the diets. 


SUMMARY AND CONCLUSIONS 


1. Weanling pigs fed on a diet of maize meal supplemented by an extract rich in B- 
vitamins prepared by boiling fresh brewer’s yeast with twice its weight of water, by cod- 


liver oil to furnish fat-soluble vitamins and by salts, grew poorly with an average weight 
31-2 
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increase of 9-1 kg. (20-0 Ib.) in 16 weeks. The diet contained 7-7 % digestible protein and 
had a nutrient ratio of 1 : 10-4. 

The animals had a vigorous appetite but were easily satisfied so that their food intake 
was low. They were lively and healthy; their hair was scanty and rough, their skin 
wrinkled and their heads abnormally large compared with their bodies. There was no 
dermatitis. 

2. Similar pigs on the same basal maize diet to which 2, 6 or 8 % casein (ashless G.L.) 
was added all grew well and reached about 85 kg. (190 lb.) live weight in about 16 weeks, 
Their diets contained 8-7, 11-6 and 13-0 % digestible protein and had nutrient ratios of 
1: 9-0, 1 : 6-5 and 1 : 5-7 respectively. . 

3. Similar pigs on the same basal maize diet, to which 5, 10, 15 or 20% of pure dried 
yeast (T'orula utilis, grown in a molasses medium) was added, also grew well and reached 
about 85 kg. (190 lb.) live weight, also in about 16 weeks. The dried yeast contained 
about 45 % crude protein. The diets contained 8-9, 10-7, 12-5 and 14-4 % total digestible 
protein and had nutritive ratios of 1 : 8-8, 1 : 7-2, 1 : 6-0 and 1 : 5-1 respectively. 

4. The capacity of the proteins in the yeast to supplement the proteins of maize was 
of the same order as that of the casein. 

5. The units of live weight pig produced per unit of digestible N fed, taken over the 
whole experimental period, were 23-3, 20-4 and 16-0 in the groups receiving the diets 
containing 2, 6 and 8% casein respectively, 21-65, 21-0, 17-9 and 15-3 in the groups 
receiving 5, 10, 15 and 20% yeast, respectively and 9-1 in the group receiving the un- 
supplemented maize diet. Both the proteins of yeast and casein had therefore striking 
supplemental values for maize protein; the addition of either yeast protein or casein in 
amounts equal only to about 20 % of the protein present in the maize increased the value of 
the total protein in the diet to more than twice that of the unsupplemented maize protein. 

6. The amount of diet eaten corresponding to unit increase in live weight was 3-07, 
2-68 and 2-98 units in the groups receiving 2, 6 and 8% casein and 3-27, 2-77, 2-79 and 
2-83 in the groups receiving 5, 10, 15 and 20% yeast respectively. These productivities 
are greater than those usually obtained in pig husbandry which range from about 3-5 to 4. 

7. The addition of yeast to a cereal diet therefore serves a dual purpose; it supplies 
good protein and vitamins. From the good results obtained with diets of so wide a 
nutritive ratio as 1 : 9-0, it is concluded that the higher proportion of protein usually 
found necessary for the growth of young pigs may be due to shortage of B-vitamins, even 
in feeds containing weatings; presumably the excess of protein concentrate provides the 
B-vitamins and corrects the deficiency. 

8. Two pigs which had received the diet of maize and yeast extract for 16 weeks and 
had ceased to'gain in weight had 6% casein added to their diet; they immediately 
increased in weight and each gained about 18 kg. (40 Ib.) in 34 weeks. Clearly the growth 
had been limited by the inadequacy of the protein supplied by the maize. 

9. One pig kept for 16 weeks on the same maize diet failed to respond to an addition 
of gelatin (to supply lysine) or of gelatin and tryptophan. Later this pig thrived satis- 
factorily when given a commercial pig feed. Therefore, lysine and tryptophan apparently 
are not the only constituents of casein and yeast protein required to supplement the 
deficiencies of maize protein. 

10. The specimen of yeast fed was a pure culture of Torula utilis grown on a molasses 
medium. This was carefully washed and dried before any autolysis had taken place. A 
commercial preparation of dried yeast from a brewery might not have an equal supple- 
mental value. Indeed some unpublished experiments made in 1938 by one of us (T. F. M.) 
in conjunction with Sir Charles Martin, Dr H. Chick and Dr A. J. P. Martin indicated 
this possibility, for in this instance 5° of the commercial dried yeast used, although 
supplying sufficient B-vitamins, did not produce more than a moiety of the growth 
obtained when casein was also added. 
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11. In the present experiments maize N was found to have an ‘apparent’ digestibility 
coefficient of about 79 and yeast N a ‘true’ digestibility coefficient of about 90. 
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ADDENDUM 1 


Carcass data. By E. H. Callow, Low Temperature Research Station, Cambridge 







Before examining the carcass data for this experiment it is necessary to make sure that 
other factors, external to the experiment, do not affect the results unduly. The effect of 
(a) killing pigs at too early a stage of development, and (b) of extremely slow growth due 
to accidental causes, has to be avoided. For the reason (a) the results from pig 2128 and 
for reason (5) the results from pigs 1999 and 2002 are omitted. This leaves seven pigs 
which received the diet containing casein and eleven pigs which received the diet con- 
taining dried yeast. The data in Table 1 show the average values for the carcasses from 
these two groups of animals. 

’ Table 1. Carcass data 






















1. Diet Casein Yeast 
2. Number of animals 7 ll 
3. Average weight of carcass (hot) 149-6 Ib. 138-5 Ib. 
4. Average age 211-3 days 206-2 days 
5. Average carcass weight/age 0-707 Ib./day 0-671 Ib./day 
6. Average thickness of back fat, thinnest 30-6 mm. 29-1 mm. 
7. Average thickness of back fat, thickest 54-8 mm. 51-1 mm. 
8. Average iodine number of fat sample 80-4 83-1 
9. Average length of body cavity 729-7 mm. 729-3 mm, 
10. Average length of hind leg 569-5 mm, 563-4 mm, 
1l. Average % of fat in carcass 41-2 43-1 
12. Average % of bone in carcass 10-2 10-8 





Notes on data in Table 1 


(a) The carcass included the head, feet, flare fat and kidneys and was weighed within 30 min. of the 
death of the animal. 

(b) The subcutaneous fat was measured at two points (i) at the thinnest point in the loin near the last rib, 
(ii) at the thickest point over the shoulder. In both cases the thickness of the skin was included in this 
measurement. 

(c) A sample of back fat was removed from the bung. The fat was extracted without solvents, filtered, 
dried for the determination of its refractive index. The iodine number was calculated from an equation 
relating iodine number of refractive index (Callow & Brimley, unpublished results). 

(d) The length of body cavity was measured (on the hot carcass suspended from a gambrel) from the pubis 
symphysis to the point where the first rib joins the back-bone, and the length of the hind leg from the 
pubis symphysis to the tip of the toe. 

(e) The quantity of fat in each carcass was calculated from an equation relating the thickness of the loin 
fat (thinnest back fat less 2 mm. for skin) with the total fat [McMeekan, 1941] and from this value the per- 
centage value was calculated. 

(f) The weight, and hence percentage of bone, was calculated from a similar equation [McMeekan, 1941] 
relating weight of bone to length of leg. 


Discussion 


The carcass data for the two groups of animals show little difference, and it has not been 
thought necessary to subject them to statistical analysis. The difference between them 
for the thickness of back fat and the iodine number of the fat can be attributed to the 
yeast-fed group being killed*at a slightly earlier age and consequently at a lower carcass 
weight than the casein group. It can therefore be claimed that dried yeast is as good a 
food as casein for the growth and fattening of pigs. 

The value of the iodine number for the fat of both groups is excessively high, which 
can be attributed to the large amount of cod-liver oil in both diets. On a normal diet the 
iodine number of the fat would not exceed 65. 
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ADDENDUM 2 


Statistical examination of the experimental data. By J. O. Irwin, 
Medical Research Council, and J. C. D. Hutchinson, School of Agriculture, 
University of Cambridge 


Analyses of variance were made of the weight increase of the pigs per unit digestible N 
and the food intake per unit weight gain over the range of body weights from 24 to 
70 kg. The figures from groups 2, 3, 4, 6, 7 and 8 were used for this examination. We have 
then two main treatments, representing yeast, groups 2-4, and casein, groups 6-8, and 
three sub-treatments (A, B and C) representing three different levels of protein supplement 
to the basal ration as follows: 


Yeast groups Casein groups 
Sub- % % 
treatments Group digestible N Group digestible N 
A 2 1-417 6 1-396 
B 3 1-713 7 1-849 
Cc + 2-004 8 2-084 


Analysis of variance of the weight increase per unit digestible N 


The analysis of variance is given in Table 1. 


Table 1 

Sum of Degrees of Mean Mean square/mean 

squares freedom square square of error 
Main treatments 0-43 1 0-43 0-80 
Sub-treatments 72-59 2 36-30 67-22 
Interaction 8-88 2 4-44 : 8-22 
Total treatments 81-90 5 16-38 30-33 
Error 6-45 12 0-54 _ 
Total 88-35 17 — — 


From this table it appears that the difference between the main treatments is not 
significant, that the difference between the sub-treatments is significant to more than 
0-1 % and that interaction between sub-treatments and the main treatments is significant 
to more than 1 %. This means that the relative effect of the main treatments is different 
according to the level of protein supplement. Examination of the means of the sub-groups 
shows that the casein supplement was the more efficient at the higher levels. The 
standard deviation of the gain in weight per unit digestible N consumed is 0-735. 


Analysis of variance of food intake per unit weight gain 


The analysis of variance is given in Table 2. 


Table 2 

Sum of Degrees of Mean Mean square/mean 

squares freedom square square of error 
Main treatments 0-0047 1 0-0047 0-45 
Sub-treatments 0-8183 2 0-4091 39-34 
Interaction 0-1417 2 0-0708 6-81 
Total treatments 0:9647 5 0-:1929 - 18-55 
Error 0-1246 12 0-0104 — 
Total 1-0893 17 — _ 


The difference between the main treatments is again not significant. That between the 
sub-treatments is significant to more than 0-1 %. The interaction between sub-treatments ~ 
and the main treatment is significant to nearly 1 %. The casein supplement was, as above, 
more efficient at the higher levels of protein. The standard deviation of the food intake 


per unit weight gain is 0-10. 





55. Adenosine Deaminase 


By T. Brady, Biochemical Department, University College, Dublin 
(Received 15 April 1942) 


In this paper a more detailed study of the preparation and properties of adenosine 
deaminase in tissue extracts is described as well as stages in the purification of the 
enzyme. Therate of enzymic deamination of ‘desoxyadenosine ’* (adenine-desoxyriboside) 
is compared with that of adenosine and the question of a separate deaminase for the 
desoxy compound examined. 

Unlike the deaminase of muscle adenylic acid, that of adenosine is not affected to 
any appreciable extent by tissue inhibitors or by phosphate, bicarbonate, veronal etc., 
and above a very low limit the deamination is independent of the substrate concentration 
[Conway & Cooke, 1939]. Its high specificity was first shown by Schmidt [1928 ; 1932]. 
The tissues which Schmidt used for his experiments, the skeletal muscle and liver of 
rabbits, have been found to be very poor sources of the enzyme compared with the 
duodenum, jejunum and appendix, but even in the most active tissue of the rabbit, it is 
present in much lower concentration than adenylic acid deaminase in skeletal muscle 
[Conway & Cooke, 1939]., For the further investigation of adenosine deaminase a richer 
source was sought. The small intestines (jejunum and duodenum) of the cow, bullock, 
heifer and calf were tested, and found to be considerably more potent than the same 
tissues of the rabbit. The calf’s intestine was the most active, giving an average con- 
centration of 0-8 enzyme units (mg. NH,-N/min.) per g. which may be compared with 
about 0-06 unit per g. of the jejunum or duodenum in the rabbit [Conway & Cooke, 1939]. 
The concentration of adenosine deaminase in the calf’s intestine was found to be about 
four times greater in the light mucoid layer than in the deep mucosa. Further advantages 
in the use of the calf’s mucosa as enzyme source is the ease with which it can be pre- 
pared in a dry state, and the fact that once dry it retains its activity for a very long 
time (at least one year) when kept in the cold. 


Crude enzyme preparations 


(a) Aqueous extracts were made by grinding the tissue with pure quartz sand and 
diluting to the required volume. The supernatant liquid which contained the enzyme 
was then freed from undissolved tissue and sand by centrifuging. The disadvantage of 
these extracts is that even when they are kept in the refrigerator, the activity falls off 
very rapidly after about 2 days. 

(b) Acetone precipitate from aqueous extracts. An aqueous extract made as described 
above was treated with 4 vol. acetone. The precipitate, after standing for about half an 
hour, was centrifuged, washed with acetone, and dried in a vacuum desiccator overnight. 
Preparations made in this way contained most of the deaminase present in the original 
extract, but were deep brown in colour. 

(c) Acetone-dried mucosa from calf’s intestine. This was found to be the most con- 
venient stock source of the enzyme. It may be noted that in samples of the intestinal 
mucosa of the cow, calf, bullock and heifer, the concentration of the enzyme fluctuates 
within wide limits. For the dried mucosa of the calf the range was from 0-1 to 15 
enzyme units per g. (one enzyme unit=1 mg. NH,-N/min.). Further, the concentration 
of this enzyme is invariably highest in that portion of the intestine nearest the stomach, 
falling steeply away until at from 5-6 m. away from the stomach it is less than 1/10th 
that of the first metre. 

* It seems desirable to shorten the rather cumbersome name adenine-desoxyriboside to desoxyadenosine. 
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In the preparation of the stock enzyme powder the first three metres of the intestine, 
cooled in ice immediately after removal from the animal, were cut into two equal lengths 
and treated separately. The intestine, after washing in a slow stream of cold water, was 
cut down the centre and the top mucosa scraped off with a spatula. The viscous mass 
was shaken with four times its weight of acetone. After exactly 10 min., the supernatant 
fluid was removed on a suction pump. The rather pasty material was broken up with 
a glass rod and the process repeated. The second extraction gave a yellow powdery 
material which was freed from acetone by draining on the suction pump for about 
20 min. It was dried in a vacuum desiccator over P,O; for about 8 hr. and then ground 
to a fine powder in a mortar. After a further drying for 12 hr. it was stored in the 
refrigerator, retaining its original activity over a very long period. 

Solutions of the enzyme can be made by extracting this powder with water. The 
activity of these extracts unlike that of the fresh tissue remains unaltered for at least 
a week, even when kept at room temperature. The stability is probably due to the 
destruction of proteolytic enzymes by the acetone treatment. 

Estimation of enzyme activity. 0-5 ml. of a solution containing 0-5 mg. adenosine (or 
desoxyadenosine) was added to 3-5 ml. of a M/14 phosphate/citrate buffer with pH of 
6-2. To this was added 1 ml. of the enzyme extract, whose dilution in water had been 
arranged so that after 3 min. action on the substrate NH, in amount convenient for 
estimation was formed. Determination of NH, was by the microdiffusion technique 
[Conway, 1939] the central chamber of the Conway units containing 1 ml. N/5000 acid 
with indicator, which was titrated with N/2500 Ba(OH), from the microburette. Deamina- 
tion was immediately suspended by pipetting the solution into the saturated carbonate 
contained in the outer chamber of the microdiffusion apparatus. 

Enzyme units (e.u.) are expressed for convenience as mg. NH;-N/min. at a temperature 
of 18°, and referred to 1 g. of the enzyme source, and are 1000 times as great as those 
used by Conway & Cooke [1939]. 


Some properties of adenosine deaminase 


(1) Influence of H and OH ions. After 30 min. at ca. pH 3, and on bringing to pH 6-4, 
practically no deaminase activity remained. The enzyme was less sensitive to OH ions; 
at pH 11-0 there was only slight inactivation. 

(2) Influence of commonly used inhibitors. The inhibitor, usually M/100, was allowed 
to act on the enzyme for about 30 min. 1 ml. of the mixture was then added to the 
substrate giving a final inhibitor concentration of 1/500. The substances used may be 
roughly divided into the following groups: 

(a) Metals. Cut++, Ag+ and Cr+++ gave total inhibition. Zn++, Cot+ and Nit*+ 
reduced the deaminase activity by about 20%. Fet++ and Mn*+ (also -Mgt*) were 
without action on the enzyme. 

6) Oxidizing agents had little effect, with the exception of iodine which inhibited 
completely. H,O, and quinone, M/500, were found to have no effect. KMnQ,, however, 
reduced the activity by about 80%. After 24 hr. the activity of the quinone/enzyme 
solution was reduced to 65% of that of the original, and KMn0O,/enzyme solution was 
completely inactivated. M/5 H,O, reduced the enzyme action by only 20%. 

(c) Reducing substances. Na,S,0, and Na,S,O, were without action. 

(d) Narcotics. Veronal, urethane and chloral hydrate were also without effect. 

(e) Inhibitors of metal-containing enzymes. NaCN and NaN, were without action. 
Na,P,O,, on the other hand, caused a 20% inhibition. 

(f) SH-reactants. Todoacetic acid [Bersin, 1935; Hopkins & Morgan, 1938] and 
maleic acid [Morgan & Friedman, 1938] were without influence on the enzyme at pH 6-2. 

(g) Other substances tested, including pyruvic acid, semicarbazide, cysteine, succinic 
and lactic acids, sodium fluoride, arsenate and quinol, were without effect on the enzyme. 
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(3) Dialysis and attempted coenzyme separation. Celloidin sacs were prepared from an - 
8 % solution of celloidin (Schering) dissolved in a 50% ether/alcohol mixture [cf. Brown, 
1915). 

In order to prepare membranes of graded permeability from these sacs the procedure 
adopted by Brown [1915] was followed in detail. His nomenclature is also used and a 
“95 %’ sac is one which after drying has been immersed in 95% alcohol for 24 hr. and 
subsequently washed with distilled water. Before using these sacs for dialysis it is 
essential that they should be tested for leaks. 

Dialysis of enzyme with celloidin membranes of different permeability. From Table 1 
it will be seen that there is a very marked divergence in the rate of inactivation of 
adenosine deaminase with membranes of different permeability. 


Table 1.- Effect of dialysis 


Time in hr. ... 24 48 
Activities x 10 


4500 4300 
2300 870 
4270 3590 
4500 4500 — 
Enzyme concentration—1 g. of powder in 1000 ml. water. 
Activity expressed as mg. NH,-N/min./g. 
Dialysed against distilled water which was changed 2-3 times every 24 hr. 


The enzyme contained in the ‘95°’ membrane was the most rapidly inactivated and 
this membrane was therefore chosen for subsequent experiments. 

Effects of added dialysate, etc., on activity of dialysed enzyme. 90 ml. of a 1/1000 enzyme 
solution contained in 10 sacs were suspended in 720 ml. of distilled water which was 
stirred continuously. After 72 hr. the dialysed enzyme had only lost about 60% of its 
original activity, due to the fact that the outer liquid was not replaced by fresh water. 

80 ml. of the dialysate were concentrated in vacuo at 35° to 10 ml. To this was added 
an equal volume of the dialysed enzyme, but as can be seen from Table 2 (c) there was 


Table 2. Attempted reactivation of dialysate 


Time in hr. eco 0 24 48 
Activities x 10* 
Cm aon. 
(a) Control 4400 4400 4400 
(6) Dialysed enzyme 3400 2000 
(c) Dial. enz. +conce. dialysate — — -— 1900 
(d) Dial. enz. + boiled enz. extract — — —_ 1700 
(e) - Dial. enz. +MnSO,, M/250 — _— _— 1500 
(f) Dial. enz. +fresh enzyme — — — 3500 


Activities as mg. NH,-N/min./g. enzyme powder. 


only a small increase in activity (within the experimental error). As there was a possi- 
bility that a coenzyme might have been destroyed in the course of the distillation, the 
dilute dialysate was added to the dialysed enzyme in a concentration of 8:1. The control 
(in this case the dialysed enzyme) was diluted to the same extent with distilled water, 
but there was no increase in activity. Similarly, additions of boiled enzyme extract, 
fresh enzyme extract, or Mn++ were not capable-of reactivating the enzyme. 


Deamination of desoxyadenosine 


A comparison was made between the deamination rates of adenosine and desoxyadenosine 
[cf. Brady, 1941] by extracts from fresh tissues of different animals and from the 
acetone-dried calf mucosa. The results are summarized in Table 3. 
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Table 3. Deamination of adenosine and desoxyadenosine 


I Il lil IV Vv 
Adenosine Desoxyadenosine 
deamination deamination Ratio of 
mg. NH;-N/min./g. mg. NH,-N/min./g. IV to III 
Tissue Dilution tissue x 10% tissue x 10* % 
Rabbit: 
Whole blood 1/50 4-4 2-18 47 
Plasma 1/5 0-034 0-014 42 
Ventricle 1/50 3-3 1-9 58 
Auricle 1/50 6-2 3-5 56 
Jejenum 1/250 63-5 33-8 54 
Thymus 1/100 22-7 10-7 47 
Chicken: 
Whole blood 1/50 5-6 3-55 63 
Rat: — 
Whole blood 1/50 0-48 0-23 48 
Human: 
Whole blood A 1/50 1-53 0-82 54 
e B 1/50 1-34 0-84 63 
Acetone-dried tissues mg. NH;-N/min./g. mg. NH,-N/min./g. 
Calf: 
Light mucosa A 1/10,000 4-80 5-00 104 
Deep mucosa B 1/5000 1-70 1-68 99 
Light mucosa B 1/30,000 15-4 17-7 116 
a Cc 1/50 0-121 0-118 97 
Rabbit: 
Duodenum A 1/500 0-204 0-115 56 
a 1/5000 0-177 0-105 59 


The units in which the deamination is expressed are mg. NH,-N/min. for 1 g. of tissue 
(or 1 ml. blood). In the upper part of Table 3 the deamination data are, for con- 
venience, multiplied by 10*. For acetone-dried tissues the activity is referred to 1 g. of 
the dry powder. 

It will be seen from Table 3 that desoxyadenosine is deaminated at approximately 
50% the rate of adenosine. in all the fresh tissues tested. It was surprising, there- 
fore, to find that extracts made from the acetone-dried superficial mucosa, as well 
as from the deep mucosa of the calf’s intestine deaminated desoxyadenosine to the 
same extent as adenosine. As it was conceivable that the acetone treatment and sub- 
sequent drying might have changed the enzyme in some manner, a comparison was 
made between the acetone-dried duodenum of a rabbit (Duodenum A, Table 3) prepared 
by extraction of the ground tissue with water, precipitation with acetone and subsequent 
drying, with that of an acetone-dried sample of calf’s mucosa prepared in the same 
manner. The results, in the case of the rabbit’s duodenum are the same as when fresh 
tissue was used, and the calf’s mucosa (a sample of exceptionally high activity) appears 
to deaminate desoxyadenosine at a somewhat higher rate than adenosine. The lower 
rate of deamination of desoxyadenosine in the aqueous extracts may be due to some 
inhibitor. If so, dilution of such extracts might be expected to increase their total power 
to deaminate desoxyadenosine, in a similar way to the marked effect produced on 
adenylic acid deamination [Conway & Cooke, 1939]. Dilutions of extracts from the 
rabbit’s duodenum up to 1/5000 showed, however, no difference in the ratio of adenosine 
to desoxyadenosine deamination. 

Deamination of the mixed substrates. If adenosine and desoxyadenosine are deaminated 
by two different enzymes, one would expect an additive effect with the mixed substrates. 
The results of a number of observations with mixed substrates are summarized in Table 4, 
and compared with deaminations of the single substrates, the adenosine deamination 
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Table 4. Relative rates of deamination 


Calf’s mucosa 
(superficial) 
Calf’s mucosa Rabbit's 
Deamination of I "et (deep) duodenum 


Adenosine 100 100 - 100 100 
Desoxyadenosine 105 96 99 56 
Adenosine + desoxyadenosine 110 102 95 68 


rate being expressed as 100. It will be seen that for extracts from the calf mucosa or 
rabbit duodenum there is no appreciable increase in deamination rate with mixed sub- 


strates, and it may be concluded that there is here no separate deamination of the 
desoxy substance. 


Stages in the purification of adenosine deaminase 


Extraction. 15 g. acetone-dried calf’s mucosa (14-4 e.u./g.) were extracted with 300 ml. 
distilled water by continuous shaking for 30 min. The residue, after centrifuging, was 
extracted with a further 150 ml. water. The combined extracts which were cloudy 
and deep yellow in colour were filtered through two layers of muslin. The pH of the 
extract was 6-7. Each ml. contained 0-484 e.u. and 17-8 mg. solids. The total vol. (358 ml.) 
contained 168 e.u. 

Removal of inactive proteins with salicylic acid. Of a number of protein precipitants 
investigated in preliminary experiments, salicylic acid was chosen. 350 ml. of the enzyme 
extract were cooled, mixed with an equal volume of saturated salicylic acid and cooled 
in the refrigerator for 15 min. The precipitate was quickly centrifuged off, washed with 
a further 50 ml. saturated salicylic acid, and the washings were combined with the first 
supernatant, the pH of which was 4-4, volume 700 ml. The activity of this solution was 
not determined, but it contained a total of 155 e.u. 

Precipitation with acetone. Two volumes of acetone were added as soon as possible 
to the above fluid. A fine precipitate containing most of the enzyme formed. After 
standing for approximately ? hr. in ice, the main bulk of this precipitate had settled 
out. The supernatant liquid was decanted and the precipitate centrifuged off. Two 
washings with cooled acetone were sufficient to free it from salicylic acid (negative 
FeCl, test in diluted acetone washings). The white precipitate, freed from coloured im- 
purities by the salicylic acid precipitation, was dried in a vacuum desiccator over P,O,. 
Weight 0-973 g. It contained 119 e.u. or 122 per g. 

This powder retains 70 % of the enzyme activity present in the original crude powder. 
It is nine times as active, is quite stable when kept in a refrigerator, and appears to be 
a good starting material for further purification. 

As a further step in this direction, the powder was extracted with 250 parts of water 
and heated to 54-55° for 10 min. in a water bath. The fine cloudy suspension of denatured 
protein which separated was removed by centrifuging at high speed. The clear solution 
which resulted had only a slightly less deaminating power than the untreated solution. 
It contained 2-5 mg. dry weight per ml., and 185 e.u./g. 


Discussion 


Adenosine deaminase is in general very stable towards inhibitors. It is irreversibly 
inactivated by 30 min. at pH about 3. Apart from this, among common inhibitors 
examined, and with a 30 min. action at N/100 strength, the enzyme is inhibited to a 
marked extent only by certain metals such as Cu, Ag and Cr and by iodine. Sodium 
pyrophosphate produced a 20% inhibition, which may possibly indicate a metal-protein 
as the active system, perhaps one containing copper [Massart, Dufait & van Gremberger, 
1939]. On the other hand, NaCN and NaNsj, typical inhibitors of metal- containing 
enzymes [Keilin & Mann, 1940], were without action. 
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Until recently, the hydrolases were regarded as a class of enzymes which were not 
separable into coenzyme and apoenzyme [Haurowitz, 1939]. However, Klein [1935] was 
able to inactivate the enzyme nucleosidase by dialysis, and reactivate it by addition of 
arsenate-ion. Edlbacher & Baur [1938] inactivated arginase by dialysis and reactivated 
it by addition of various metallic ions of which Mn++ was the most active. He suggested 
that Mn++ was the coenzyme of arginase, and Richards & Hellermann [1940], using a 
different method to obtain reversible inactivation, confirmed Edlbacher’s observations. 
Shortly afterwards Albers [1939] was able to separate a highly purified phosphatase 
solution into coenzyme and apoenzyme, and by adding the concentrated dialysate to 
the inactive apoenzyme was able to restore most of the original activity. The earlier 
observations of Onodera [1915] on the coenzyme of urease are much disputed, and the 
position with this enzyme must be regarded as still in doubt [Oppenheimer, 1926]. 
Adenosine deaminase, like the hydrolases mentioned above, is inactivated by dialysis. 
So far, however, attempts to reactivate it have proved unsuccessful. 

Desoxyadenosine deamination. With an adenosine deaminase concentration of 0-0012 
unit/ml. (1 unit=mg. N/min.), Conway & Cooke [1939] found that the rate of deamina- 
tion is independent of the substrate concentration down to 3 ug. amino-N/ml., below 
which the rate fell markedly and was only 0-35 wg. N/min. at a substrate value of 
0-6 ug. amino-N/ml. Examining the desoxyadenosine deamination with an enzyme 
concentration of 0-53 x 10~% unit/ml. it was found in the present investigation that no 
appreciable fall in rate occurred down to a substrate concentration of 0-6 wg./amino-N, 
the value being then 0-48 mg./min. If we interpret the enzyme action as a combination 
with substrate and subsequent breakdown of the complex, it would appear that desoxy- 
adenosine combines more rapidly than adenosine. Comparing the deamination rates of 
the two substrates at higher concentrations, they are almost the same in extracts of the 
calf’s mucosa showing that here the rate of breakdown of the complex is about the 
same for the two substances. With the mixed substrates there is no increase or change 
in rate, which is the expected result with the one enzyme operating. In extracts of the 
rabbit’s duodenum and using substrates above minimal levels, desoxyadenosine de- 
amination is only about half that of adenosine. If the rate at which the desoxy substance 
combines with the substrate is the faster if is to be expected that on using the mixed 
substrates the deamination should not be the mean for the two nucleosides, but should 
lie nearer that for the desoxy compound, and this is the result found. For example, if 
the adenosine deamination rate is taken as 100, that of desoxyadenosine is 56, but the 
deamination rate of the mixed substrates is 68 rather than the mean of the two rates 
which is 78. 

Purification of the enzyme. The stage already reached gives an activity of 180 mg. 


- NH,-N/min./g. of the dry material. This would correspond to about 210 units/g. at 20° 


(from some determinations made on the temperature effect). Interpreted in terms of 
adenosine per second per g. the figure becomes 0-07, and this may be compared with 
the activity of crystalline urease which deaminates approximately 0-95 mg. urea per second 
per g. [Sumner, 1930], so that the enzyme preparation may be expected to afford a good 
basis for the further stages of purification (the investigation of which the author was 
not in a position to pursue). 


SUMMARY 


1. The superficial mucosa of the calf’s intestine has been found to contain adenosine 
deaminase in high concentration. 

2. A partial purification of the enzyme from this source gives an activity of 180 mg. 
NH,-N/min./g. (about 3000 times that found in the rabbit’s intestine). 

3. The effects of many commonly used inhibitors have been studied, and marked effects 
obtained only with the heavy metals, iodine and strong oxidants; but the enzyme is 
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sensitive to changes in hydyrogen-ion concentration, and a 30 min. exposure to pH 3 


produces an irreversible inhibition. 
4. The enzyme is inactivated by dialysis, but so far it has not been possible to 


reactivate it. 
5. Enzyme preparations from the calf’s intestinal mucosa deaminate desoxyadenosine 


at approximately the same rate as adenosine, but from the blood of man, fowl, rat and 
rabbit and various tissues of the rabbit including intestine, at only half the rate. 

A study of the attack on mixed substrates shows that there is no separate enzyme 
for the desoxy compound, but this substance appears to unite more rapidly with the 
enzyme. The complex so formed (except for calf mucosa) breaks down more slowly 


than the similar adenosine complex. 


The author is indebted to the Irish Medical Research Council for a research grant, 
and to Prof. E. J. Conway for helpful discussion and advice. 
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Note added 8 July 1942. The pure crystalline desoxyadenosine prepared as in a 
previous paper [Brady, 1941] showed a higher melting point from that published for 
Klein’s preparation [1934] and the possibility arose that it might be an isomeride. 
The absorption spectrum has been observed meanwhile by M. G. Kelleher (Department 
of Physics, Trinity College, Dublin) and the maximum absorption was found at 2591 a.v. 
with an accuracy of +5a.v. This is very close to that recorded for Klein’s substance 
[Gulland & Story, 1938], so that the two preparations may be taken as chemically 


identical. 











56. Dissimilation of Phosphoglyceric Acid by Escherichia coli 


By M. F. Utter and C. H. Werkman, Industrial Science Research Institute, 
Iowa State College, Ames, Iowa, U.S.A. 


(Received 22 April 1942) 


Still [1940] compared the triosephosphate dehydrogenase of Escherichia coli with the 
corresponding enzyme in yeast, and Utter & Werkman [1941] similarly compared the 
enzymes aldolase and isomerase of H. coli with those in muscle and yeast. This com- 
munication extends this line of investigation to the reactions involving phosphoglyceric 
acid. 

Embden, Deuticke & Kraft [1933] and Meyerhof & Kiessling [1933] showed that 
(—)3-phosphoglyceric acid was converted into pyruvic acid and phosphoric acid in 
muscle and Lohmann & Meyerhof [1934] established phosphopyruvic acid as an inter- 
mediate. Further investigations by Meyerhof & Kiessling [1934; 1935 a, 6] disclosed still 
another intermediate, (+)2-phosphoglyceric acid. The series of reactions may be 
represented : 

phosphoglyceromutase 
(—)3-phosphoglyceric acid = (+ )2-phosphoglyceric acid, 
enolase 
(+)2-phosphoglyceric acid = phosphopyruvic acid 
phosphopyruvic acid — pyruvic acid + H,POQ,. 


The final stage of the reaction, the conversion of phosphopyruvic acid into pyruvic acid 
and H,;PO, was shown to be the only irreversible reaction of the series [Meyerhof, 
Ohlmeyer & Mohle, 1938]. 

Antoniani [1933] reported that bacteria also converted phosphoglyceric acid into 
pyruvic acid and H,PO,. Stone & Werkman [1936; 1937] established phosphoglyceric 
acid as an intermediate in bacterial dissimilation by isolating that compound from 
fermentations by numerous genera of bacteria. Additional evidence of the presence of 
a phosphorylating mechanism in bacterial fermentation has been given by Tikka and 
Endo. Tikka [1935] investigated the fermentation of several intermediate phosphate 
esters and showed that the end-products were normal. Endo [1938] obtained an acetone 
powder from £. coli which showed many of the general characteristics of muscle and 
yeast preparations. Wiggert & Werkman [1938], working with a living culture of Aero- 
bacter aerogenes, demonstrated an initial esterification.of phosphate in the fermentation 
of glucose. 

A cell-free preparation of H. coli is shown by the present work to contain the enzymes 
which convert phosphoglyceric acid into phosphopyruvic acid, and those which transfer 
phosphate from the latter acid to adenylic acid and to glucose. 


MetTuops 


The preparation of the bacterial extract used in these experiments followed the general 
directions given in an earlier communication [Utter & Werkman, 1941]. The wet bacterial 
mass was mixed with powdered glass and ground as described by Wiggert, Silverman, 
Utter & Werkman [1940], with the following modifications. The proportion of glass to 
wet bacteria was 2:1 and the grinding was accomplished by passing the bacteria-glass 
mixture between concentric ground glass cones. The inner one was rotated by a motor. 
The resulting paste was extracted with 1-5 ml. of water for each gram of wet bacteria 
( 485 ) 
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used in preparing the mixture. After the glass had been thrown down on an angle 
centrifuge at 4000 r.p.m., centrifuging of the extract was continued on a small air- 
driven Beams’ centrifuge until the cells and cell fragments were largely removed and 
the extract was clear although it retained a slight brownish opalescence. 

The preparation used in these experiments was very similar to that employed in the 
study of the aldolase and isomerase equilibria [Utter & Werkman, 1941]. Although the 
method of preparation has been modified slightly, the extract contains essentially the 
same enzymes but in greater concentration. Both extracts contain the enzymes necessary 
for the conversion of hexosediphosphate into phosphopyruvate, and for the transfer of 
PO, from phosphopyruvate to adenylic acid and to glucose. The preparations do not 
attack pyruvic acid or its products and have negligible aerobic activity. 

In the previous work on the aldolase-isomerase equilibria, the dismutation of the 
triosephosphate immediately following those equilibria, was inhibited by removing 
coenzyme I from the extract by dialysis. The action on hexosediphosphate was thus 
effectively restricted to aldolase and isomerase. Dialysis was not necessary in the present 
experiments since the reactions did not ordinarily proceed beyond the stage of phospho- 
pyruvate unless a phosphate acceptor was added. 

In some experiments, the extract was dialysed in a collodion tube at 4-5° against 
circulating distilled water. In a few experiments, the extract was dried in a vacuum 
desiccator over CaCl, and the resulting powder was dissolved in water to form the 
enzyme solution. In addition to greater stability, the dried powder gave greater activity 
when dissolved in a smaller proportion of water than was present in the original extract. 
Precipitation of the enzymes by acetone or ammonium sulphate, followed by drying 
and redissolving, greatly diminished the activity. 

Since the preparation had negligible aerobic activity, the experiments were performed 
in air. In the majority of experiments, 0-2-0-3 ml. of extract was added to a similar 
volume of substrate, together with buffer and other additions to make a total volume 
of 1-0ml. The reaction was stopped after incubation by addition of 5 ml. of 4% 
CCl,COOH which had been brought previously to the same temperature as the sample. 
Duplicate tubes in which enzyme activity was prevented by addition of the deprotein- 
ating agent at the start of the experiment served as controls. After addition of the 
CCl,COOH, the solution was diluted to 10 ml., filtered, and the various phosphate frac- 
tions determined on aliquots. 

Inorganic phosphate was determined on a Klett-Summerson photoelectric colorimeter 
according to Fiske & Subbarow [1925]. Phosphopyruvate (PP) was determined as the 
fraction of phosphate liberated by treatment with alkaline iodine at room temperature 
[Lohmann & Meyerhof, 1934]. Since phosphopyruvate is also completely hydrolysed in 
60 min. at 100° in N HCl, the alkaline-iodine fraction was compared with the 60 min. 
fraction in a number of experiments. Phosphoglyceric acid was determined by sub- 
tracting the inorganic+180 min.-hydrolysable phosphate from the total phosphate as 
determined by ashing, since phosphoglyceric acid is not hydrolysed in 180 min. Adeno- 
sinetriphosphate (ATP) was estimated as the 7 min.-hydrolysable fraction except in the 
presence of phosphopyruvic acid, when adenosinetriphosphate was obtained by sub- 
tracting the alkaline-I, fraction (phosphopyruvate) from the 60 min.-hydrolysable fraction 
(phosphopyruvate + ATP). 

Commercial preparations of barium phosphoglycerate and adenylic acid were used in 
the preparation of the substrates. It should be pointed out that the Ba salt used was a 
mixture of 3- and 2-phosphoglycerate and in the experiments where pure 3-phospho- 
glycerate was required, the salt was recrystallized several times by dissolving in dilute 
HCl and reprecipitating at a reaction just acid to Congo red by adding alcohol dropwise. 
A sample of synthetic barium phosphopyruvate was made available through the kindness 
of Dr Gerhardt Schmidt. 
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EXPERIMENTAL 
Equilibria between phosphoglycerate and phosphopyruvate 


Table 1 (exps. 1-4) illustrates the effect of temperature on the amount of phospho- 
pyruvate formed from phosphoglycerate. The phosphopyruvate was determined from 
the phosphate present in the appropriate fraction. The balance of the organic phosphate 
is present as phosphoglycerate. The amounts of phosphopyruvate phosphate formed at 
the various temperatures compare favourably with those reported by Lohmann & 
Meyerhof [1934] with muscle. It will be noted that in addition to the phosphopyruvate 
formed, small amounts of inorganic phosphate also appeared. The extent of the phos- 
phatase action depends on the success achieved in removing the enzyme responsible, 
adenosinepolyphosphatase, during the centrifuging employed in the preparation of the 
extract. The inorganic phosphate was subtracted from the organic phosphate and did 
not enter into the calculation of the percentage of phosphopyruvate formed. 


Table 1. Effect of temperature and phosphoglycerate concentration 
on phosphopyruvate (PP) formation 


Per experiment: 0-3 ml. extract, 0-2 ml. 0-°3M NaHCO,.* Total vol. 1-0 ml. Final pH, 7-4. 


Exp. no. 1 2 3 4 5 6 7 8 9 
Time of incubation, min. 60 30 20 10 30 30 30 30 30 
Temp. ° ; 2 24 40 59 24 24 24 24 24 
PGA-P, 1 x 10-2 mg. P/ml, 278 27-8 27°8 27°8 6-95 13-90 27-8 41-7 55-6 
After incubation, 1 x 10-* mg./ml. 
re 559 7-75 935 11-78 2-26 391 7-75 10-93 12-73 
Tnorg. P 0-47 0-51 1-91 1-37 0 0-71 0-61 0-40 0-34 
Total organic P 27-33 27-29 25-89 26-43 6-95 13-19 27-19 41-30 55-26 


% organic P as PP 20-46 28-39 36:10 44-55 32-52 29-63 28-50 26-45 23-03 
* Freshly saturated with CO,. 


In exps. 5-9, Table 1, the approximate upper limit of the substrate concentration is 
defined. With 0-3 ml. of extract in a total volume of 1-0 ml., approximately 40 x 10-* mg. 
phosphoglycerate P (2-4 mg. PGA) is the maximum concentration which can be brought 
to equilibrium in 30 min. The equilibrium point is fairly constant although the value 
rises slightly as the concentration decreases. 

The upper limit of the substrate concentration depends on the incubation period and 
on the concentration of the enzyme. Fig. 1 shows that equilibrium was not attained in 


* 15 min. but that the percentage of phosphopyruvate P was maximum in ca. 30 min. 


Fig. 2 illustrates the effect of dilution on the enzyme. The upper and lower curves re- 
present two series of dilutions, incubated for 60 and 30 min. Both curves approach the 
theoretical value of 31-32% phosphopyruvate P. 

The preceding studies have been based on the calculation of the percentage of phospho- 
pyruvate formed. As stated previously, Meyerhof & Kiessling [1935a] demonstrated 
that another intermediate, (+)2-phosphoglycerate is involved, and the production of 
phosphopyruvate from 3-phosphoglycerate involves two interlocking equilibria as shown 
in the equations above. 

Meyerhof & Schulz [1938] described a polarimetric method for the determination of 
both isomers of phosphoglyceric acid, in which the rotatory power of the esters is greatly 
increased by the addition of ammonium molybdate. In this way the [«]?° of (—)3- 
phosphoglyceric acid is increased from — 13-8 to —740° and that of (+ )2-phosphoglyceric 
acid from + 24-5 to —68°. The large increase in rotation markedly enhances the accuracy 
of the determinations. Table 2 gives the results of experiments in which both the 
phosphopyruvate and 2-phosphoglycerate were determined, the latter by the polari- 
metric method. From these values, the positions of both equilibria can be determined. 
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The amount of 2-phosphoglycerate formed (exp. 1), calculated as percentage of total 
phosphoglycerate, is 11-23 % in the absence of NaF and 7-97 and 9-92 % in its presence 
(exps. 2 and 4). The presence of NaF should not influence the equilibrium between 
3- and 2-phosphoglycerates, but possibly slowed the rate of reaction without changing 
the end-point. Such a retardation would explain the low values in exps. 2 and 4, 


32 
28 
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20 
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28 
24 


2 eee 

15 30 45 01 0-2 0-3 0-4 

Time in min. ml. extract per experiment 
Fig. 1. Fig. 2. 


Fig. 1. Effect of time on production of phosphopyruvate from phosphoglycerate. 0-3 ml. juice, 27-8 x 10-* mg. 
PGA-P per experiment. Temperature, 25°. 

Fig. 2. Effect of enzyme dilution on production of phosphopyruvate from phosphoglycerate. o—o 30 min. 
incubation. O—3 60 min. incubation. 27-8 x 10-? mg. PGA-P per experiment. Total volume, 1-0 ml. 
Temperature, 27°. 


% organic PO, as phosphopyruvate 
% organic PO, as phosphopyruvate 


Meyerhof & Schulz [1938], working at various temperatures, found values of 8-5 to 11% 
of 2-phosphoglycerate in the muscle equilibrium. Approximately 30° of the organic 
phosphate is present as phosphopyruvate in exp. 1, in which no NaF was added, while 
the amount of phosphopyruvate formed in the presence of NaF is negligible. 


Table 2. Equilibria between 3-phosphoglycerate, 2-phosphoglycerate, 
and phosphopyruvate* 


Exps. 1, 2 and 3; 4 ml. juice (conc. preparation from dried extract), 2 ml. 0-3. M NaHCO,; total vol. 10 ml.; 
stopped by addition of 1-5 ml. 40% CCl,COOH. 
Exps. 4 and 5; 4 ml. juice, 2 ml. 0-3M NaHCO,; total vol. 10 ml. Polarimetric readings in 1 dm. tube. 


Temp. 25°. 


Exp. no. 2 4 
Time of incubation, min. 120 45 
NaF molarity 0 0-03 0-03 
Orig. conc. PGA/ml. 
mg. PGA 4-027 4-027 0-703 
mg. PGA-P 0-673 0-673 0-117 
After incubation, mg./ml. 
PP 0-196 0-005 0 0 
Inorg. P 0-025 0-010 0-003 0 
Organic P 0-648 0-662 0-114 0-117 
PGA 2-706 3-933 0-683 0-703 
Optical rotation —1-81° — 2-70° —0-46° — 0-§2° 
[a] 22° 668-2° 686-4° 673-3° 739-6° 
% PGA as 2-PGA 11-23 7:97 0 9-92 0 
% organic P as PP 30-22 0-82 0 0 0 


* Appreciation is expressed to Dr I. B. Johns of the Department of Chemistry for assistance in polari- 
metric investigations. 
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In the polarimetric experiments it was necessary to use longer incubation periods and 
more active enzyme preparations since comparatively large concentrations of phospho- 
glyceric acid were involved. (—)3-Phosphoglycerate obtained by recrystallization from 
the mixture of the 3- and 2-salts was used in these experiments. The increase in enzyme 
activity was accomplished by dissolving a dried powder of the extract in a small amount 
of water. The resulting solution contained approximately four times as much dissolved 
material as the original extract. 

It should be mentioned that Katagiri & Murakami [1939] found that the lactic acid 
bacteria exhibit a different specificity in the fermentation of the various optical isomerides 
of phosphoglyceric acid from that which has been found for Z. coli extract used in this 
work or has been reported previously by Meyerhof & Kiessling for muscle and yeast. With 
E. coli, muscle and yeast (—)3-phosphoglyceric acid and (+)2-phosphoglyceric acid are 
the isomerides involved. Katagiri & Murakami reported that a d-lactic acid producer 
attacked only the (—)2- and (—)3-isomerides while a /-lactic acid producer attacked 
only the dextrorotatory isomerides of the two esters. A species which formed racemic 
lactic acid was able to attack both optical isomers of both esters. 


Table 3. Reversible equilibria between phosphoglycerate and phosphopyruvate 
as demonstrated by serial temperature experiment 


Per sample removed: 0-3 ml. extract, 0-2 ml. 0-3.M NaHCO,;. Total volume 1-0 ml. 
27-8 x 10-? mg. PGA-P per sample. 


Exp. no. 1 2 3 4 
Temp. ° 25 2 40 2 
Time elapsed, min. 30 90 110 200 
Values given as 1 x 10-? mg./ml. 
PP 7:73 6-60 9-00 6-73 
Inorg. P 0-20 0-40 2-27 2-93 
Total organic P 27-60 27-40 25-53 24-87 
% organic P as PP 28-02 24-09 35-25 27-07 


Since an indication had been obtained that the equilibrium between 3- and 2- 
phosphoglyceric acids is similar to the equi- 


librium in muscle and in yeast, the remaining 100 
experiments on the nature of phosphoglycero- 2 
mutase and enolase were carried out by deter- é 80 
mining phosphopyruvate, a much simpler pro- § 
cedure. 3 
If the equilibria are truly reversible, the 3 60 
amount of phosphopyruvate P will vary withtem- 2, 
perature. The fluctuation is apparent (Table 3) 2 
but the figure for 2° (exp. 4) is somewhat low. S * 
The failure to reach the correct value may be due 2 2 
to the destruction of theenzymes during thelong 3 20 
incubation period. S 
Another method of establishing the reversi- 3 
bility of a reaction employs both the product and % 10 20 30 


the reactant as substrates. If truly reversible, 
the equilibrium will be approached from either 
direction at approximately the same rate. In 
Fig. 3, the percentage of phosphopyruvate P 
present as plotted against time approaches the 
same equilibrium point at approximately the 
same rate whether the substrate is phospho- 
glycerate or phosphopyruvate. Use of a dialysed 


Time in min. 


Fig. 3. Approach to phosphoglyceromutase- 
enolase equilibrium from either direction. 
o—a Initial cone. 12-333 x 10-*mg. pyro-P per 
experiment. o—o Initial conc. 13-866 x 10-? 
mg. PGA-P per experiment. Total vol. 1-0 ml. 
0-3 ml. of 1-25 hr.-dialysed extract per experi- 
ment. Temperature, 25°. 


extract precluded reaching the equilibrium point too rapidly. 
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The pH range of activity of the enzymes (Table 4) is fairly wide. The sharp decrease 
in the acid range can be partially attributed to the precipitation of the enzymes. In 
the alkaline range the decrease is more gradual. 


Table 4. pH range of equilibria between phosphoglycerate and phosphopyruvate 


Per experiment: 0-2 ml. extract, 27-8 x 10-2 mg. PGA-P. Total volume 1-0 ml. 30 min, incubation. 
Temp. 22°. ’ 


Exp. no, 1 2 3 4 5 6 7 
pH 5-1 58 ts 8-2 9- 9-7 10-1 
Buffer used Acetate Acetate Bicarb. Glycine Glycine Glycine Glycine 
After incubation, mg. x 10-?/ml. 
PP 0-33 4-47 7-73 7-56 5-80 3-60 2-93 
Inorg. P 0 0-53 0 0-20 0 0 0 
Total organic P 27-80 27-27 27-80 27-60 27-80 27-80 27-80 
% organic P as PP 1-20 16-38 27-82 27-39 20-86 12-95 10-55 


Table 5. NaF and Na oxalate inhibitions of equilibria between 
phosphoglycerate and phosphopyruvate 


Per experiment: 0-3 ml. extract, 0-2 ml. 0-3 M NaHCO,. 1-0 ml. total vol. 27-80 x 10-? mg. PGA-P. 
“Temp. 24°. Incubation, 30 min. 


Exp. no. 1 2 3 4 5 6 7 8 9 

Molar conc. NaF 0-04 0-02 0-01 — = a —_ — 

Molar conc. Na oxalate —_ — — — 0-04 0-02 0-01 0005 — 

After incubation, mg. x 10-?/ml. 
PP 


0:07 067 #207 760 2-87 627 660 7:00 7:60 
Inorg. P 0-93 0 0 053 047 027 047 033 0:33 
Total organic P 26-87 27-80 27-80 27:27 27:33 27-53 27:33 27-47 27-47 

% organic P as PP 0:25 2-40 7-44 27-87 10:47 22-76 2415 25-49 27-77 


NaF inhibits the formation of phosphopyruvate from 2-phosphoglycerate (Table 5), 
but the inhibition is relatively complete only at the highest concentration of NaF, ie. 
0-04M. In spite of the inhibition of the enolase reaction, some inorganic phosphate 
appears in the reaction. It was noted that higher temperatures increased the phosphatase 
effect while addition of inorganic phosphate depressed it. 

Lohmann & Meyerhof [1934] reported that sodium oxalate inhibited enolase less than 
dephosphorylation, but it can be seen in Table 5 (exps. 5-9) that oxalate at least reduces 
the rate of the reaction in the bacterial system. 

In the course of this work, experiments with dialysed extracts have indicated that 
Mg or Mn is required for the transformation of phosphoglycerate into phosphopyruvate. 
It has not been determined whether the ions stimulate both phosphoglyceromutase and 
enolase. 

Table 6. Effects of Mg and Mn on phosphoglyceromutase and enolase 


Per experiment: 0-1 ml. of 3 hr. dialysed extract, 0-2 ml. 0-3M NaHCO,, 41-7 x 10-* mg. PGA-P. 
Total vol. 1-0 ml. Temp. 21°. Incubation time, 20 min. 


Exp. no. 1 3 4 
Additions, molar conc. 


0-005 = 
— 0-01 

After incubation, 1 x 10-? mg./ml. 
; 2-87 5-73 6-20 2-80 
Organic P 41-70 41-70 41-70 41-70 
% organic P as PP 6-88 13-75 14-87 6-71 


The effects of Mg and Mn are shown in Table 6. It will be noted that less of a dialysed 
enzyme extract, as well as a shorter incubation time, were used in these experiments 
because it was necessary to compare rates of reaction. This can be accomplished only 
if the reaction is stopped before the equilibrium is reached. The conditions in these 
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experiments permitted a comparison of rates of reaction. The stimulation of the rate 
by Mg and Mn is shown in exps. 2 and 3, while Na in exp. 4 has no effect. 

This is the first report of a Mg or Mn stimulation of the phosphoglyceromutase-enolase 
activity of muscle, yeast, or bacteria. This problem is being further investigated and 
extended to other types of preparation. 


Transfer of phosphate from phosphopyruvate 
The previous experiments have dealt with the transformation of phosphoglycerate into 
phosphopyruvate. Only small amounts of phosphopyruvate were broken down to pyru- 
vate and H,PO,. Presumably, this reaction takes place in two steps: 


2 phosphopyruvate + adenylic acid + 2 pyruvate 
adenosinepoly phosphatase 


+ATP —————_————— adenylic acid + 2H,PQ,. 
The first step was reported by LLutwak-Mann & Mann [1935]; the second is very slow 
in a bacterial preparation because of the removal of adenosinepolyphosphatase by centri- 
fuging in the preparation of the extract. The transfer of phosphate to adenylic acid 
is limited by the amount of adenylic acid in the extract since adenylic acid cannot be 
appreciably regenerated. Only catalytic concentrations of adenylic acid are present in 
the extract. On addition of adenylic acid to the system, phosphate was transferred from 
the phosphopyruvate to the added coenzyme (Table 7). In exps. 1-6 the phospho- 
pyruvate involved in the transfer was formed before the addition of adenylic acid, by 
incubating the extract with phosphoglycerate. After the equilibrium of approximately 
30°% phosphopyruvate had been reached, this phase of the reaction was stopped by 
addition of NaF, and the phosphopyruvate which had been formed transferred PO, to 
added adenylic acid. The PO, disappearing as phosphopyruvate P reappears as ATP-P. 
The transfer is relatively complete in the absence of oxalate and approximately all of 
the original phosphopyruvate P can be accounted for as residual phosphopyruvate P, 
ATP-P, or inorganic P. Exp. 6 shows that ATP is not formed in the absence of phospho- 


' pyruvate, ie. through the phosphorylation of adenylic acid by inorganic phosphate. 


Sodium oxalate greatly inhibits the transfer of phosphate (exps. 3 and 4). In exp. 5, 
an amount of adenylic acid insufficient to accept all the PO, from the phosphopyruvate 
was added and the transfer was only partially complete. 


Table 7. Transfer of PO, from phosphopyruvate to adenylic acid 


Exps. 1-6: 0-3 ml. extract incubated for 30 min. with 0-40 mg. PGA-P, 0-2 ml. 03M NaHCO,, and additions to 1-0 ml. f 


Further additions made to vol. of 1-7 ml. Incubation for 30 additional minutes. 


Exps. 7-10: Same as 1-6 except synthetic phosphopyruvate used and no preliminary incubation period employed. Temp. 23°. 


rn EY 


Exp. no. 1 2 3 4 5 6 7 8 9 10 
Additions, molar conc. 
NaF os 0035 0-035 0-035 0035 0-035 _ 0-035 * 0-035 0-035 
Adenylic acid — 0004 «420:004 «4240-004 «440-004 0-004 _— —_— 0-004 0-004 
Na oxalate a = 0-018 0-009 — —_ idee —_ pas pi 
MnSO, — _— _— — — _ — -- — ° 0-006 
Values as 1 x 10-2 mg./ml. 
PP before incubation 10-53 1053 1053 1053 10-53 000 1140 1140 11-40 11-40 
PP after incubation 8-93 0-33 6-53 6-40 5-13 0-00 6-33 9-93 2-27 0-40 
Net change in inorg. P 0-73 0-00 0-13 -—0-33 1-13 0-00 0-33 1-07 0-73 0-20 
ATP-P 000 8611-13 3-27 3-40 2-07 0-21 0-00 0-00 8-03 10-20 
PP disappeared 1-60 10-20 4-00 4-13 5-40 0-00 5-07 1-47 9-13 11-00 
Total PP accounted for(ATP, 9-67 11-47 9-93 9-47 8-33 0-21 667 11:00 1103 10-80 


inorg. P and residual PP) 


The second part of Table 7 demonstrates the same transfer from synthetic phospho- 
pyruvate. In the absence of added NaF (exp. 7) part_of the phosphopyruvate disappears 
and cannot be accounted for as ATP-P. This disappearance is due to the formation of 
phosphoglycerate through the establishment of the usual equilibrium between phospho- 
pyruvate and phosphoglycerate. Added NaF prevents this reaction and transfer of PO, 
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to adenylic acid occurs (exp. 9). Mn ions in exp. 10 have a slight stimulating effect 
upon the transfer. 

Following the formation of ATP, and in the absence of a strong phosphatase, PO, is 
transferred from ATP to glucose by the enzyme hexokinase [Meyerhof, 1926]. Table 8 


Table 8. PO, transfer to glucose and hexosemonophosphate 


Per experiment: 0-3 ml. extract incubated with 0-4 mg. PGA-P for 20 min. (total vol. 0-8 ml.), then 
additions to a total vol. of 1-6 ml. made and incubation for an additional 60 min. Temp. 23°. 
Exp. no. 1 3 4° 5 


Additions, molar conc. 
NaF “0 0-04 0-04 
Adenylic acid -00 S 0-005 0-005 
Glucose _ 0-014 _- 
Hexosemonophosphate _— _ — 0-004 
MgCl, —- -~ 0-007 _ 

Values given in mg. x 10-?/ml. 

PP before incubation 7-26 -26 7-26 7-26 7-26 

PP after incubation 6-69 ° 0-00 0-00 0-00 

Inorg. P change 0-50 : — 0-83 — 0-97 — 0-37 

ATP-P 0-00 3 3-07 4:13 6-67 

PP disappeared 0-00 2 7-26 7-26 7-26 

PP accounted for (ATP, 7-193 . 2-23 3-17 6-30 
inorg. P, remaining PP) 


shows that in the presence of added glucose more than one-half of the phosphate which 
should reappear as ATP cannot be accounted for in that compound. The glucose has 
acted as a PO,-acceptor for ATP with the formation of an ester which was not identified 
but which is probably hexose-mono- or -di-phosphate. Hexosemonophosphate will not 
replace glucose as a PQ,-acceptor since very little ATP is missing in Exp. 5 in which it 
was added. 

All the individual reactions involved in the production of phosphopyruvate from 
hexosediphosphate and the transfer of PO, from phosphopyruvate to adenylic acid and 
glucose have now been demonstrated by the authors with the exception of the oxidation- 
reduction of the triosephosphate and that step has been previously reported by Still 
[1940] in a cell-free extract of H. coli. It has now been shown that the individual steps 
occurring in muscle and yeast metabolism as revealed by the work of Embden and 
Meyerhof, also occur in the metabolism of bacteria as judged from cell-free extracts. 


SUMMARY 


1. Cell-free extracts obtained by grinding Z. coli with powdered glass contain the 
enzymes which convert phosphoglyceric acid into phosphopyruvic acid. The effect of 
temperature on the reaction is in agreement with the results of Meyerhof & Kiessling 
for muscle and yeast. 

2. (—)3-Phosphoglyceric acid and (+)2-phosphoglyceric acid establish the same 
equilibrium in bacteria as in muscle and in yeast but differ with regard to the optical 
specificity reported for lactic acid bacteria by Katagiri & Murakami. 

3. The equilibria were shown to be truly reversible. 

4. An indication was obtained that Mg or Mn stimulates the phosphoglyceromutase- 
enolase equilibria. 

5. Phosphopyruvate transfers PO, to added adenylic acid. 

6. The phosphate from phosphopyruvate was partially transferred to glucose via 
adenylic acid when glucose was added as a PO,-acceptor; hexosemonophosphate did not 
successfully replace glucose. 
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57. The Oxidation of Ascorbic Acid in the Presence of Copper 


By Edmund M. Mystkowski, Clinical Laboratory, Royal Infirmary, Edinburgh 
(Received 23 April 1942) 


The study of the catalytic activity of Cu under the influence of several common factors 
[Mystkowski & Lasocka, 1939] was extended in unpublished work carried out in Warsaw 
in 1939 to the inhibition of aldehyde dehydrogenase and amylase actions by Cu, and the 
detoxicating effect of NaCl. 

In the present paper we give the results obtained in the oxidation of ascorbic acid 
under the influence of NaCl and proteins. During the course of these experiments we 
had to examine several other catalytic activities of Cu and these results are given here in 
brief. 

METHODS 


The systems contained phosphate buffers in final concentrations ]/10—1/15.M, ascorbic 
acid 3-4 mg., substances whose influence was to be examined, and water up to the volume 
of 15 or 20 ml. The detailed composition of the systems is given in the appropriate tables. 

The systems were left in open flasks at 24°. Samples were taken at intervals and after 
acidification with acetic acid, the amount of remaining ascorbic acid was determined by 
titration with dichlorophenolindophenol. In the experiments where the influence of 
temperature was examined the systems were kept in a water bath and then, after rapid 
cooling, the determinations were carried out. 

In the experiments with proteins, potato extract and cucumber juice, the deprotein- 
ization was effected by a solution containing 8 % trichloroacetic acid and 2% HPO. 

Potatoes were either sliced with a knife or put through a meat mincer and then ground 
in a mortar with double their volume of water. After 30 min. the solid particles were 
centrifuged off and the supernatant fluid was used in experiments. -10 ml. of extract were 
used in each system, which in controls were replaced by 10 ml. of water. Cucumber juice 
was prepared according to Meiklejohn & Stewart [1941]. 


EXPERIMENTAL 
(1) Inhibition of ascorbic acid oxidation by NaCl 


The inhibition of ascorbic acid oxidation by NaCl was found first by de Caro & Giani 
[1934], and Kellie & Zilva [1935]. Mystkowski & Lasocka [1939] found that only the 
chloride ion is of importance and that the cation plays no part. This was confirmed by 
Mapson [1941]. ; 

‘In the present paper the oxidation of ascorbic acid in the presence of CuSQ,, FeSQ,, 
Fe,(SO,), and FeCl, under the influence of NaCl was examined. The results of one typical 
experiment are given in Table 1. 

This experiment shows great activation (30-75%) of the oxidation of ascorbic acid 
by CuSO,. The activation by Fe,(SO,), is quite insignificant and never exceeds 10%. 
In the systems containing only the Cu normally present in distilled water, inhibition 
caused by NaCl amounts to 65-90%. NaCl also decreases distinctly the activation 
caused by added CuSQ,, and the decrease is proportional to the concentration of NaCl 
and inversely proportional to the concentration of CuSQ,. 

In the presence of NaCl no catalytic activity of Fe salts was found. The inhibition by 
NaCl occurs here as in systems without any activation. Of all Fe salts examined, FeCl, 
shows the greatest activation. 
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Table 1. Effect of NaCl on ascorbic acid oxidation in presence of Cu and Fe 


oO NaCl CuSO, 
30 min. 4 hr. 30 min. 4hr. 30 min. 4 hr. 
SSS ae ai leas eM, aS ars Sen 
pH 1 2 1 2 1 2 1 2 1 2 1 2 
5-7 87-1 — 88-5 +550 5-7 -900 143 -750 743 +300 1000 +75-0 
60 628 +100 885 +550 85 -850 200 -650 743 +300 1000 +750 
64 — +200 885 +550 85 -850 200 -650 743 +300 1000 +75-0 
CuSO,-NaCl Fe,(SO,)3 Fe,(SO,),-NaCl 
30 min. 4 hr. 30 min. ' 4hr. 30 min. 4 hr. 
aN Yeas ite Sa ey a an 
pH 1 2 1 3 1 2 1 3 1 2 1 2 


57 600 + 50 914 +600 57-1 0 885 +550 11-4 -80-0 17-1 -70-0 
60 600 + 50 914 +600 623 +100 885 +550 171 -700 20-0 -65-0 
64 628 +100 914 +600 628 +100 885 +550 17:1 -70-0 20:0 -65-0 


The systems contained in 20 ml.: 5 ml. phosphate buffers M/5; 3-5 mg. of ascorbic acid; NaCl 0-14; 
CuSO, and Fe,(SO,), 2-5 x 10-5 M. 
1. Decomposition % 2. Activation (+)°or inhibition (-) %. 


Increase in temperature has comparatively little effect on the increase of the rate of 
ascorbic acid oxidation. Comparison of oxidations at 24 and 97° showed that although the 
increase of the velocity of reaction at 97° was not great, the inhibition by NaCl was 
smaller (13-6-25-0 %) in comparison with the inhibition at 24° (88-2 %). The activation 
by CuSO, is at the same level (13-0-25-0% in comparison with 11-7 % at 24°). These 
experiments were performed in connexion with catalase activity of copper. 


(2) Correlation between appearance of Cu,O and oxidation of ascorbic acid 


In experiments with the usual concentration of CuSO, (2-5 =x 10-°M) a red precipitate 
of Cu,O appears after a few minutes of ascorbic acid oxidation at 97°. In the system 
containing NaCl this precipitate does not appear. 

The amounts of Cu,O produced in the usual experiments at 24° were too small to be 
determined quantitatively. At 5x 10-+M concentration a Cu,O precipitate appears even 
at 24°. 

To determine the amount of Cu,O formed the last stage of the Bertrand method for 
sugar estimation was used. Cu,O formed during reaction was centrifuged off, washed with 
distilled water, dissolved in a solution of Fe,(SO,), in conc. H,SO, and titrated with 
M/50 KMn0O,. The results in Table 2 are given in ml. KMnO, used in the titration. 


Table 2. Formation of Cu,O during ascorbic acid oxidation 


3 hr. 30 min. 

OF 
45 min. 3 hr. 30 min. KMn0, In- 

NaCl a as ml. hibition 
cone. 1 2 3 1 2 3 M/50 % 
1 0 13 32-5 — 2-7 67-5 —, 2-9 ood 
2 0-13M 1-2 30-0 7-7 2-4 60-0 11-1 1-7 41-3 
3 0-4M 0-6 15-0 53-8 1-9 47-5 44-4 1-6 44-8 
4 0-65 UM 0-4 10-0 69-2 1: 25-0 62-9 1-5 51-7 

H=6-5. Composition of system (in 30 ml.): 3 ml. phosphate buffer; 4 mg. ascorbic acid; CuSO, conc. 
5x 10-*M. 


1. Mg. of oxidized ascorbic acid. 2. Decomposition %. 3. Inhibition %. 


In this experiment, performed at 24°, Cu,O precipitate was visible after 1 hr. There is 
no strict parallel between the amount of ascorbic acid oxidized and Cu,0 formed. 
Nevertheless, in general throughout our experiments the greater the rate of ascorbic 
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acid oxidation, the greater the amount of Cu,O formed. The inhibition of oxidation by 
NaCl was always accompanied by the diminution of Cu,O formation. Thus the inhibition 
of the oxidation of ascorbic acid is accompanied by an inhibition of Cu!!Cu! trans- 
formation. 


(3) The influence of NaCl on the peroxidase and catalase actions of Cu 


Oxidation of ascorbic acid in the presence of H,O, occurs with a much greater velocity 
than oxidation by atmospheric O,. Experiments to demonstrate this are, however, 
complicated by the catalase activity of Cu, especially at higher temperatures. 

In systems containing phosphate buffers, CuSO, and H,O,, no decomposition of H,O, 
was visible at 20°. At 37° it was possible to observe a slow escape of bubbles of gas, 
which at 100° had become quite vehement. 

Similar facts have already been observed by Karczag [1921] and others who examined 
the influence of salts of Cu and Fe on the decomposition of H,O, and the decoloration of 
certain dyestufts. 

We found that NaCl has the same effect as CuSO, in activating the decomposition of 
H,O,. In the presence of CuSO,, NaCl increases this decomposition greatly: so its action 
is quite opposite to its influence on the oxidation of ascorbic acid: here’ it activates the 
catalase activity of Cu. 

When a solution of methyl red is added to the NaCl- CuSO,-H,O, system and the whole 
is brought to 50-80° no visible decomposition of H,O, tales since. At the same time, 
however, the dye undergoes decoloration which is complete in 5-15 min. Only after this 
process is finished do gas bubbles appear. 

This decoloration of methyl red by H,O, in the presence of Cu is also activated by 
NaCl; the complete decoloration occurs two to three times as quickly as in the absence 
of NaCl (5 min. instead of 15 min.). All these experiments in which the presence of an 
acceptor for O, causes the complete inhibition of the evolution of O, from H,O, were 
performed at pH 5-0-6-5. 


WAY ; 


10 20 


Min. Min. Min. Min. 
l 2 3 4 


mg. oxidized ascorbic acid 


Fig. 1. The oxidation of ascorbic acid under the influence of tyrosine and H,O,. All systems contained in 
15 ml.: 1-5 ml. phosphate buffer; 3 mg. ascorbic acid; pH=6-3. 1, control curve; 2, system with 
1 mg. tyrosine; 3, system with H,O, 6 x 10-4M; 4, system with tyrosine and H,0,. 0, control; 1, CuSO, 
2x10-4*M; x, CuSO, 4x 10M; e, NaCl 0-2 M. 


Tyrosine has a similar influence. Its presence inhibits completely the O, evolution, 
and at the same time a reddish-brown colour appears, corresponding to quinone products 
of tyrosine oxidation. This oxidation of tyrosine by H,O, is activated both by CuSO, 
and NaCl. In these systems the evolution of gas does not take place. Sometimes, how- 
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- ever, slight visible decomposition of H,O, was found in systems which passed their 


maximum of colour development and became colourless again. 

Similar systems containing H,O, and tyrosine were examined with regard to the 
oxidation of ascorbic acid. Their action was compared with systems containing CuSO, 
and NaCl only. The results are given in Fig. 1. 

In systems without tyrosine NaCl inhibits the catalytic action of Cu in the presence of 
H,0,, so its action here is the same as in systems where the oxidation occurs with 
atmospheric Oy. 

In our previous paper we found that other amino-acids inhibit the catalytic action of 
Cu. Tyrosine acts similarly (Fig. 1); in the presence of tyrosine the oxidation proceeds 
much more slowly and even the activation by added Cu is much diminished. 

In the presence of tyrosine, NaCl shows none of its usual inhibition. As NaCl activates 
the oxidation of tyrosine, and by this intermediate action through quinones also the 
oxidation of ascorbic acid, the corresponding curve is a result of two actions, one of which 
is the oxidation by atmospheric O, (inhibited by NaCl), the second, oxidation by quinones 
(activated by NaCl). The same facts were observed in the presence of H,O,. 

Another way in which tyrosine might possibly interfere with the oxidation of ascorbic 
acid is by competing with it for the available O,. 


(4) The oxidation of ascorbic acid in the presence of enzymic systems 


Two enzymic systems were examined, viz. (a) extract from potatoes, (b) cucumber juice. 
(a) Potato extract. The reactions occurring in potato extract are of a rather com- 
plicated nature and will be described separately in what follows. At least two major systems 
dealing with ascorbic acid oxidation were found in the potato. One of them causes a 
very quick disappearance of almost all the ascorbic acid present in potato after the 
structure of the latter has been destroyed by grinding or slicing. This rapid oxidation is 
not influenced by NaCl even in high concentration: 2-3 % trichloroacetic acid stops it. 

The second system is connected with the oxidation of tyrosine by polyphenol oxidase. 
The products of tyrosine oxidation oxidize in turn ascorbic acid. NaCl activates slightly 
the oxidation of tyrosine and through this intermedially also the oxidation of ascorbic 
acid. 

The interpretation of these results is difficult because of the different pH optima for 
ascorbic acid oxidation with Cu as catalyst, and for tyrosine oxidation by polyphenol 
oxidase. Also the different stages of oxidation of tyrosine interfere in many ways with the 
ascorbic acid ‘oxidation. In consequence the facts observed in these experiments will 
require a more detailed examination. 

(6) Cucumber juice. Stotz, Harrer & King [1937] have examined a number of com- 
pounds which inhibit the catalytic action of Cu. The results obtained by these authors 
show that both types of catalysis, by inorganic Cu in the presence of proteins and by 
‘enzymic copper’, are inhibited by the added Cu-inhibitors. However, in cauliflower juice 
and cabbage juice the inhibition was smaller than in other systems. Experiments by 
Barron, De Meio & Klemperer [1935] show that cabbage juice and squash juice were not 
inhibited by o-hydroxyquinoline. 

In our experiments the influence of CuSO, and NaCl in aqueous systems was compared 
with systems containing cucumber juice, fresh and inactivated by boiling. A difference 
in inhibiting actions of NaCl on these two systems was found. 

This experiment of Fig. 2 shows that the oxidation of ascorbic acid is not inhibited by 
NaCl in systems containing active ascorbic acid oxidase. In systems containing boiled 
juice the inhibition caused by denatured proteins is so great that it masks completely 
any possible inactivation by NaCl. 

CuSO, shows its greatest activating influence in the control system. This effect is 
abolished in cucumber juice, probably by the presence of proteins which bind Cu. In the 
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inactivated juice this effect of binding is even greater, so that here the activation by Cu 
is of quite a moderate order. 

In connexion with these results we have examined a number of systems containing 
CuSO,, NaCl and proteins (albumin or casein). The inhibition of the oxidation by proteins 
found in our previous paper was confirmed. Of native and denatured proteins the latter 
were found to inhibit much more strongly the effect of added copper sulphate. Sum- 
mation of the two inhibitory effects, by proteins and NaCl, occurred. 


mg. oxidized ascorbic acid 


Min. Min. Min. 
1 
Fig. 2. The influence of NaCl and CuSO, in systems with ascorbic acid oxidase. All systems contained in 
15 ml.: 3 ml. phosphate buffer; 3 mg. ascorbic acid; pH=6-3. 1, control; 2, system with ascorbic 


acid oxidase (2 ml.); 3, system with inactivated ascorbic acid oxidase (2 ml.), 0, control; x, CuSO, 
2-5 x 10-5 M; e, NaCl 0-14 MU. 


The results obtained explain the slow rate of oxidation in systems containing inactivated 
enzyme. As a result of the denaturation of proteins, the Cu bound to a ‘specific protein’ 
loses its enzymic properties and the whole system behaves like inorganic Cu in the presence 
of a non-specific protein. 


Discussion 


The biological activity of Cu, like that of Fe and other metals, comprises two groups of 
reactions: 

(i) inactivating influence on enzymic processes, both hydrolytic and redox; 

(ii) catalytic action in many redox processes. 

The catalytic action of iron in living organisms is connected with its presence in many 
enzymes. Except for a few compounds of an importance similar to those of iron, the 
role of Cu in enzymic processes is not so well established. Nevertheless the widespread 
presence of Cu in tissues and its catalytic activity observed in vitro suggest that it must 
be of considerable importance. 

The catalytic action of Cu is very easily influenced by many factors including normal 
tissue components. The oxidation of ascorbic acid by atmospheric O, in the presence of 
Cu was found to be inhibited by NaCl, amino-acids and proteins. 

In the presence of H,O,, however, the catalytic action of Cu is complicated by the 
fact that Cu can act as a model not only of peroxidase but also of catalase. It was found 
that the activity of Cu depends on the kind of substrate present. Thus at higher tem- 
peratures the catalase action of Cu was greatly diminished when the substrate suitable 
for the oxidation was available. The presence of methyl red or tyrosine, which undergo 
oxidation by H,O, in the presence of Cu, stopped almost completely the latter’s catalase 
function. 
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Both reactions, catalytic decomposition of H,O, and oxidation of methyl red and 
tyrosine, are activated by NaCl. This is in contrast to the oxidation of ascorbic acid 
which is inhibited by NaCl in similar conditions. 

These experiments show that the catalytic action of Cu is of two kinds and changes 
according to the presence of different substrates, and also that the influence of NaCl is of 
a quite opposite character in the two cases. 

The influence of amino-acids on the catalytic action of Cu depends in the first place 
on their power to bind Cu. Tyrosine, however, shows another influence due to its partici- 
pation in redox reactions. Under the influence of Cu, tyrosine undergoes oxidation by 
atmospheric O, and above all by H,O,. So in the presence of tyrosine the course of 
ascorbic acid oxidation is changed by the action of products of tyrosine oxidation. In 
such systems two different reactions take place; one, inhibited by NaCl, the oxidation 
by either O, or H,O,; the second, activated by NaCl, the oxidation by quinones. 

The action of proteins on Cu in ascorbic acid oxidation is always of an inhibiting 
nature. Our previous experiments have shown how this influence depends on the con- 
centration of Cu and protein. Although some Cu-protein preparations obtained in vitro 
may show certain properties in common with enzymes [Stotz et al. 1937], their action in the 
oxidation of ascorbic acid is less than that of corresponding concentrations of CuSO, alone. 

The relation between the structure of Cu-protein complexes and their catalytic activity 
has yet to be examined. One fact is established, that proteins after denaturation have a 
much greater inactivating power on the catalytic action of Cu. It is probable that many 
‘enzymic’ properties of the Cu-protein complexes depend on the colloidal state of the 
protein in solution. 

On the other hand, in these complexes the catalytic activity of Cu in the oxidation of 
ascorbic acid is never completely abolished. All similar complexes (e.g. those isolated by 
Keilin & Mann [1939]) may therefore be of some mnheeee, especially when their 
widespread occurrence is considered. 

The influence of NaCl on the oxidation of ascorbic acid in systems containing enzymes 
is different from that on inorganic Cu. In potato extract, where at least two mechanisms 
of ascorbic acid oxidation were found, one of them is only slightly influenced by NaCl, 
whereas the second is quite insensitive to this factor. Similarly, in cucumber juice 
containing ascorbic acid oxidase, no influence of NaCl was found. 

The lack of influence of NaCl on ascorbic acid oxidase, the inactivation of added Cu 
by an enzymically active juice, and the transformation of the latter into an ‘inorganic 
system’ after the denaturation of proteins, indicate that there must be a difference 
between ‘enzymic’ and inorganic Cu. This difference may consist either in the specificity 
of the enzymic protein, or in the special form of Cu-protein combination. The second 
possibility, which does not exclude the existence of a specific enzymic protein, is highly 
probable. The fact that the Cu present in the enzyme does not undergo dialysis [Meikle- 
john & Stewart, 1941] as long as the protein is in its genuine state, confirms this con- 
ception. In acid solution the Cu becomes dialysable, but at the same time ascorbic acid 
oxidase loses its enzymic properties. 

These facts indicate that even if a specific protein were not essential to an enzyme 
containing Cu, the linkage of these two components is of a nature which so far we have 
not been able to imitate. 

These facts neither confirm nor contradict the existence of a specific ascorbic acid 
oxidase in cucumber juice. This particular enzyme seems to fall between the ‘true’ 
enzymes and the Cu-protein complexes described by Stotz e¢ al. [1937]. 

The way in which chloride ions act on the catalytic activity of Cu is not known. In 
simple systems, where the oxidation of ascorbic acid runs parallel to Cut++-Cut trans- 
formation, the inhibition of catalysis is accompanied by a diminution of Cu,O formation. 
No influence of NaCl on Fe salts was found. 
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SUMMARY 


1. The oxidation of ascorbic acid by Cu is inhibited by NaCl, amino-acids and proteins. 

2. This inhibition was found in systems with either atmospheric O, or H,O, as oxidant. 

3. The influence of tyrosine is different from that of other amino-acids and is connected 
with its participation in redox processes. 

4. NaCl shows either inhibiting (oxidation of ascorbic acid) or activating (catalase 
activity of Cu, oxidation of tyrosine) influence on the reactions catalysed by Cu. 


5. NaCl has no influence on the action of ascorbic acid oxidase present in cucumber 
juice. . 


The author wishes to express his indebtedness to Dr C. P. Stewart for his hospitality 
and help. 
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58. Studies in the Metabolism of the Strict Anaerobes 
8. The Metabolism of Amino-acids by Cl. welchii* 


By Donald Devereux Woods} and Arthur Reginald Trim,t{ 
The Biochemical Laboratory, Cambridge 


(Received 27 April 1942) 


It was decided to investigate the amino-acid metabolism of an organism which, unlike 
those already investigated and described in previous papers in this series, has high 
saccharolytic and fermentative activities. Cl. welchii was chosen as a first example of 
this type. 

Wolf & Harris [1917] and Wolf [1918] showed that Cl. welchii fermented sugars with 
the production of H, and CO,. When grown on a medium containing protein digest and 
only traces of carbohydrate, the organism produced relatively little NH, and large 
quantities of H, and CO,, which suggests that gas may be produced from amino-acid 
sources. 

In the present investigation suspensions of Cl. welchii were prepared from cultures 
grown on the medium considered most likely to give rise to optimal production of amino- 
acid-dissimilating enzymes. This medium (tryptic caseinogen digest) consists largely of 
free amino-acids and contains only small quantities of fermentable carbohydrate. Growth 
was good; more vigorous growth is obtained if glucose is added to the medium, but this 
was avoided in view of the known inhibitory effect of sugars on the production of amino- 
acid enzymes in micro-organisms [e.g. Stephenson & Gale, 1937; Gale & Stephenson, 
1938; Gale, 1938]. 

Recently Gale [1941] has shown that Cl. welchii grown on the same medium with the 
addition of 2°% glucose develops decarboxylase activity; seven strains of the organism 
decarboxylated histidine and glutamic acid at pH ca. 4-5 with the production of the 
corresponding amines. 

The present work showed that Cl. welchii is similar to Cl. tetanomorphum [Woods & 
Clifton, 1937 ; 1938] in that some amino-acids are decomposed with the formation of gas, 
but differs from it in that the number of amino-acids attacked is very small. The break- 
down of serine requires a special coenzyme-like substance not apparently identical with 
known coenzymes. 

METHODS 


Hydrogen and carbon dioxide. These gases were estimated manometrically in an 
atmosphere of N, as described in a previous paper [Woods & Clifton, 1937]. In experi- 
ments with cystine and cysteine, CdSO, absorbers were used to take up the H,S pro- 
duced. In certain experiments the total gas production was analysed in a portable 
Haldane apparatus. 

Ammonia. Distillation in a Conway unit followed by titration with a micro-burette 
[Conway & Byrne, 1933] was used for quantitative work. 

Carbohydrate. Total carbohydrate was determined by Pirie’s [1936] modification of 
the orcin method of Tillmans & Philippi [1929], and total reducing substances in the 
growth medium by the ceric sulphate method of Giragossintz, Davidson & Kirk [1936]. 
In both cases glucose was used as standard. 


* The authors regret the delay in publication of this work, which was completed in 1939. 
+ Beit Memorial Research Fellow at the time the work was carried out. 
{ Benn W. Levy Research Student at the time the work was carried out. 
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Amino-nitrogen. The manometric (constant volume) method of Van Slyke was used; 
the shaking period was 30 min. 

Miscellaneous. Dry weights of bacteria were determined with a photoelectric turbidi- 
‘meter [Clifton, Mueller & Rogers, 1935] calibrated for Cl. welchii. The dl-threonine and 
dl-norleucine used were the gift of Dr P. Fildes and Mr R. L. M. Synge respectively. The 
other amino-acids were Hoffman-la Roche products. 

Unless otherwise stated all experiments were carried out at 37° in phosphate buffer 
pH 7-2 of final concentration 0-05-0-1M. Production of NH, is expressed in wl. 
(1-641. NH, =1yg. NH-N) to facilitate comparison with the H, and CO, figures. 

Growth of organisms. The strain of Cl. welchii used for most of the work was Bacillus 
welchiit 8.R. 9 (National Collection of Type Cultures No. 273). Stock cultures were 
maintained and washed suspensions prepared as described by Woods [1938]. 

A few experiments were carried out with another strain (S.R. 12) obtained from Prof. 
T. Dalling, Department of Animal Pathology, Cambridge. 

In some experiments with both strains the cultures were cropped after 5-6 hr. growth, 
but most experiments were conducted with the 10-11 hr. cultures. 


GENERAL SURVEY OF AMINO-ACID BREAKDOWN 


The first step in the main experimental work was a survey of all available amino-acids for 
possible breakdown by suspensions of Cl. welchit with production of H,, CO, and NH3. 
The results are summarized in Table 1. 


Table 1. Amino-acid breakdown by Cl. welchii 
Amino-acids : Amino-acids 
ee 
Attacked with Mean Attacked with Mean 
formation of Qnus Not attacked formation of Qnuy Not attacked 
(i) H,, CO,, NH, (ii) CO, and NH, 
dl-Serine 390 Glycine l( +)-Arginine 299 \ +)-Ornithine 
dl-Threonine 10 i +)-Aspartic acid l( — )-Cystine* — l +)-Lysine 
li —)-Cysteine 8 \+)-Glutamic acid . \ -)-Tryptophan 
l¢ — )-Alanine l( — )-Leucine 
l( — )-Proline l — )-Phenylalanine 
l( — )-Tyrosine \ — )-Hydroxyproline 
l( + )-Valine dl-Methionine 
l — )-Histidine dl-norLeucine 


* HLS is also formed (qualitative tests). 


All three determinations were made on the same reaction mixture, the total NH, 
produced being estimated at the end of the experiment after inactivating the organism 
by tipping H,SO, from the side-bulb. In experiments designed to measure Qyy, mano- 
meters were removed at intervals and the NH, estimated. In general the quantities of 
reactants used were: substrate (0-1M/) 0-2-0-3 ml.; bacterial suspension (8-10 mg. dry 
wt./ml.) 1 ml.; phosphate buffer (0-2.M, pH 7-2) 1 ml.; water to 2-5 ml. The substrate - 
was tipped in after equilibration and the reaction followed for at least 2 hr. In each case 
controls without substrate were put up and all estimations carried out in duplicate. 
Each amino-acid was investigated with suspensions from at least two different crops of 
bacteria. Later results with serine showed that it might be important that a relatively 
large amount of organism should be used, and therefore a few experiments in which less 
than 8-12 mg. of organism had been used were repeated with this amount. Production 
of quantities of H,, CO, and NH; of less than 0-02 mol./mol. substrate were not considered 
significant in view of the possibility that the samples of amino-acids used may have 
contained traces of other amino-acids. 





or 
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Table 1 shows that, judging by the production of H,, CO, and NHsg, only five of the 
twenty-one amino-acids investigated were attacked by washed suspensions of the 
organism. It is difficult to conceive of an anaerobic degradation of an amino-acid which 
would not liberate one or other of these substances. Since all five of the amino-acids 
attacked give rise to NH; the Oxy, may be used as a comparative measure of their rates 
of breakdown, although this method of comparison does not take into account the 
possibility that deamination is not necessarily the primary attack. Table 1 shows that, 
on the basis of this criterion, only serine and arginine are decomposed at all rapidly. 

In view of the surprisingly few amino-acids apparently attacked a number of other 
possibilities were examined. 

(1) Stickland reactions [Stickland, 1934] between pairs of amino-acids might take 
place. This was investigated by subjecting a mixture of all the amino-acids not attacked 
singly to the action of Cl. welchii suspensions. The experiment was then repeated with the 
addition in turn of each of the five amino-acids known to be attacked. No production 
of NH, beyond the controls was found in any case. Decomposition of the ‘unattacked’ 
amino-acids was not promoted by the addition of glucose (which is rapidly fermented) to 
the amino-acid mixture. Consequently the possibility of linked reactions between amino- 
acids and glucose, or its intermediary products of breakdown, appears to be excluded. 

(2) Enzymes catalysing the decomposition of other amino-acids may have been 
present in the growing culture and their activity lost during the preparation of the 
washed suspensions. Such a loss might occur in three ways: (a) by the washing out of 
some diffusible coenzyme-like factor, (b) by actual destruction of enzyme and (c) by loss 
of extracellular enzymes during washing. The first of these possibilities was investigated 
by adding a small quantity of the original growth medium (as a source of coenzyme) to 
the mixture of ‘unattacked’ amino-acids, but no formation of H, and NH, beyond the 
controls was observed. 

The question of loss or destruction of deaminating enzymes during the preparation of 
suspensions could only be investigated indirectly. Total H, and NH, production during 
growth on the casein digest medium was compared with the production by washed 
suspensions on the same medium. If enzymes were destroyed during the preparation of 
the suspensions it was felt that H, production in growth would be greatly in excess of that 
given by washed suspensions. H, produced in growth was measured manometrically by 
transferring aliquots of the sown medium to sterile manometer vessels. Both growth and 
suspension experiments were continued until further increase in H, and NH, was in- 
significant. A typical experiment gave the following results: 


ul. product/ml. growth medium 
SS een 


H, NH, 
During growth 141 363 
With suspension 190 454 


The activity of the washed suspension is thus apparently greater than that of the growing 
organism. The growing organism is likely to have greater synthetic powers and may well 
utilize the products of amino-acid decomposition to build up its cell substance. From 
these experiments it is considered that no enzymic activity is entirely lost during the 
preparation of the organism and that no enzymes present at earlier stages in growth had 
disappeared by the time of cropping. These experiments do not give any indication of 


" possible relative loss of activity of any particular enzyme. It was also shown that younger 


organisms (cropped from a 6 hr. culture) produced no more H,, CO, and NH, than the 
usual 1] hr. suspension. 

Knowing the general activities of the organism, it was then relevant to consider 
whether the total production of H,, CO, and NH, from the growth medium corresponded 
to that expected from the amounts of substrates computed to be present. NH, pro- 


Biochem. 1942, 36 33 


504 D. D. WOODS AND A. R. TRIM 


duction from the growth medium was, in fact, rather less than would be expected from 
the serine, arginine and cystine contents of the casein from which the broth was prepared. 
This can only be taken as a general indication since, for example, the serine content of 
casein is not known with precision and the usually recorded value is probably low. 

It was concluded that sufficient carbohydrate and amino-acid substrates are present 
in the growth medium to account for at least as much gas and NH, as was found to be 
produced over the normal period of growth or by the washed suspensions. 

Analysis in the Haldane apparatus showed that the only gases formed from broth in 
appreciable quantities were H, and CO,. In Thunberg tube experiments with washed 
suspensions and serine as substrate, CO, and H, were the only gases detected. The gas 
mixture contained 13-9% CO, and 85% Hs. 


DETAILED STUDIES OF THE KINETICS OF THE BREAKDOWN OF AMINO-ACIDS 
BY OL. WELCHII 


Serine 


Products. Table 2 shows the quantitative results of a large number of experiments on 
the rate and total production of H,, CO, and NH; from serine. The results are worked out 
on the assumption that only the natural isomeride of the amino-acid is attacked. 


Table 2. Summary of quantitative results with serine 


No. of exps. Range Mean 
Que 13 197-535 332 
mol. product/mol. serine 
Sa 
H, 17 0-78-0-93 0-84 
co, 6 0-82-0-91 0-88 
NH, 7 0-85-1-11 0-99 
The relative activity (Qy,) of different batches of the organism. varied over a wide 
range, but the total extent of decomposition was fairly constant. Deamination is 
practically complete; H, and CO, production is equimolecular, and the amount of each 
is slightly less than that required for 1 mol. per mol. of substrate. 


Qu, (serine) 
Qu, (cysteine and threonine) 


100 4 
6:1 63 6°5 67 69 FI 73 75 77 79 Bl 


pH 
Fig. 1. Effect of pH on the rate of H,-formation from serine, threonine and cysteine 
e—e, serine; s—s, threonine; a—a, cysteine. 


Effect of pH. The pH-activity curve is given in Fig. 1, together with those for cysteine 
and threonine. The results justify working at pH 7-1 in comparisons of the H, production 
from the three substrates. 
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Effect of concentration of organism. It may be seen (Table 3) that there is a very sharp 
fall in activity with dilution of the suspension. Rate of H, production fell to zero at a 
concentration of organisms only 1/10 of that giving optimal results, although 242 yl. 
H,/hr. would have been expected if the rate had fallen linearly with decreasing concen- 
tration of organism. 


Table 3. Effect of concentration of organism on the rate of H, production from serine 


Dry wt. H, expected from 
organism used H, formed rate with 5-6 mg. % found of 
mg. pl. /br. pl./hr. expected 


5-60 2418 — — 
2-24 686 969 71 
1-12 36 484 7 
0-56 0 242 0 


This finding immediately suggested that there may be a diffusible coenzyme factor 
necessary for the deamination of serine by Cl. welchii. Attempts were made to reactivate 
the diluted organism by adding small quantities of substances which are already known to 
act as coenzyme factors in other reactions. H, production was taken as the criterion of 
activity. The results of these experiments are summarized in Table 4. It was found that 
even the most active preparation was further activated by the addition of boiled organism. 
The highest activity of any particular batch of organism obtained by the addition of the 
optimum quantity of boiled organism was taken as a standard, and the activity obtained 
with the addition of other factors was expressed as a percentage of that figure. 


Table 4. Activation of serine decomposition by various agents 


Experiment 


Max. Qu, with boiled Cl. welchii 


as % of maximum Q,, with boiled 
Cl. welchit added 


100 


s 
S 


Boiled Cl. welchii (6 img./mi.), 


= 


eI ADIT tiellel Tis 


9 
5 
2 78 

48 


22 


ml 

ml, 
ml, 
+1 ml. 
” ” s ml, 
Supernatant from boiled Cl. welchit (6 mg./ml.), 0-9 ml. 
Boiled Bact. coli (6 mg./ml.), 0-9 ml. 
Coenzyme I, 25% pure (mg.), : 


. 3 
0-05 


0- 
0- 
0- 
0- 


52 
59 
23 
21 


Coenzy me II (mg. ),” 1-0 
Flavin-adenine dinucleotide (mg.), 0-8 
0-1 


Cocarboxylase (mg. ), 0-5 
Muscle adenylic acid (M/100), 0-5 mi. 
Yeast adenylic acid (11/100), 0-5 ml. 
Adenosine (M/100), 0:5 ml. 
Lactoflavin (sat. soln.), 0-5 ml. 

9 +adenylic acid 
Nicotinamide (M/100), 0-5 ml. 
Uracil 


No activator 


~llgslallightIIllitittt«s 
LEV UU DU beet ti asttiitil 
atl Iagest li ii laelgittis 


we PRA UT 


bo 
o 
—_ 
a 


The supernatant solution from the boiled organism was almost as potent an activator 
as the boiled whole suspension, as was also a boiled suspension of Bact. coli of the same 
concentration. This would suggest that either the same or an equally potent coenzyme 


for anaerobic serine deamination exists in Bact. coli. 
33-2 
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Stephenson & Gale [1938] showed the presence of a diffusible heat-stable coenzyme 
factor for the deamination of serine by Bact. coli both aerobically and anaerobically, 
Inactivation produced by washing with distilled water at 0° could be prevented if boiled 
Bact. coli or washings from Bact. coli were added to the suspension. It would appear that 
the factor is similar to that now recorded for the strict anaerobe Cl. welchii. 

The next most potent activators were the preparations of coenzymes I and II and of 
flavin-adenine dinucleotide, and of these the coenzyme I preparation was ‘the most 
effective, while the coenzyme of the amino-acid oxidase of animal tissues (flavin-adenine 
dinucleotide) was the least. The interpretation of these results is difficult as none of the 
preparations was pure. 

Muscle and yeast adenylic acid and adenosine preparations of approaching 100% 
purity gave considerable activation, while lactoflavin gave some slightly enhanced 
activity. The effects noticed with the purine nucleosides and nucleotides were partially 
obscured by the fact that these substances are themselves decomposed by the organism. 

So far the evidence suggests that the coenzyme, while not identical with those already 
known, may be similar to them and is probably widespread among bacterial organisms. 

Fig. 2 shows the effect of the concentrations of boiled Cl. welchii and of cozymase on 
the degree of activation. With the boiled organism there is a linear relation between 
activity and concentration until saturation is reached, as would be expected in a case of 


% O-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 1-0 10 15 20 
Time (min.) 
Fig. 2. Fig. 3. 
Fig. 2. Effect of boiled Cl. welchii and cozymase on the rate of decomposition of serine. e—e, ml. boiled 
Cl. welchit (6 mg./ml.); or a—s, mg. coenzyme I (25% pure). 
Fig. 3. Partial restoration by boiled organism of activity towards serine lost on storage. e—e, fresh 
suspension (1 mg. dry wt./ml.) + boiled organism; s—s, 2 days old suspension (1 mg. dry wt. /ml.) + boiled 
organism; a—a, 2 days old suspension (1 mg. dry wt./ml.). 


simple catalytic activation. With cozymase this effect is not seen because either (1) the 
effective concentration of the catalyst is continuously removed by other metabolic 
processes (as with adenylic acid and adenosine), or (2) some kind of partial inhibition 
by impurities is taking place. 

The nature of the other chemical groupings which make the natural coenzyme resistant 
to decomposition (as would seem to be the case) and highly active was not discovered. The 
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experiments with the addition of nicotinic acid amide together with purine derivatives 
suggest either that the factor does not contain the amide or that the organism is unable to 
synthesize the factor from its components. Similar experiments with lactoflavin suggest 
that it may be one of the components of the natural factor. 

The presence of this type of essential factor in Cl. welchii partly explained the fact that 
its activity towards serine falls off on storage of the washed suspension. The activity of 
a freshly prepared suspension was compared with that after storage for 2 days at 0°, 
H, production being measured both in the presence and absence of the optimal quantities 
of boiled organism from the same crop. Fig. 3 shows that the lost activity can be partially 
restored by the addition of the heat-stable factor (which does not lose its activity 
appreciably on storage). 

Experiments on NH, production showed that the coenzyme was also concerned with 
deamination, giving further evidence of the interdependence of the deamination and 
oxidation of amino-acids by the organism. 

Growth experiments gave valuable evidence on the importance of the factor at various 
stages in the life history of the organism. The following figures illustrate this point: 


Qu, With serine 


Suspension prepared from 10 hr. culture 332 
Suspension prepared from 6 hr. culture, crop 1 31 
Suspension prepared from 6 hr. culture, crop 2. 20 


Previous observations suggested three possible explanations of this phenomenon: (a) the 
enzyme itself is not developed in the younger organism ; (b) the coenzyme is not developed 
in the younger organism; (c) the coenzyme is much more easily lost by diffusion in the 
younger organism. Combinations of these effects might also be the cause. 

To investigate this problem the history of the development of the serine enzyme 
system was followed in a large scale growth experiment. A 51. flask containing several 
litres of growth medium was set up in a tank at 37°. An O,-free atmosphere was main- 
tained by passing in a stream of H, previously passed over heated Cu turnings. The flask 
was heavily inoculated, and after about 1 hr. growth became visible. A sample of the 
suspension was siphoned off sterilely and the growth measured. Thereafter, at convenient 
intervals, large samples of the fluid were removed and immediately chilled in ice to stop 
further growth. The concentration of the organism was measured and the organism 
centrifuged and washed in the usual way. The suspension was stored in the ice chest, and 
as soon as possible the H, and NH, production from serine by each sample of organisms 
was measured. 


Table 5. Development of the serine enzyme system during the growth of the organism 


Amount 
Growth of growth Dry wt. Qu, of 

time mg. dry wt. suspension suspension H, formed NH, formed 

hr. organism/ml. mg./ml. with serine = pl./30 min. = wl. /30 min. pl. H,/pl. NH; 
1 2 — — = <i = 
2 24 2-5 + 5 5 1-0 
2-25 42 2-45 12 15 20 0-8 
2-75 84 2-45 25 31 30 1-0 
3-25 140 2-45 212 259 289 0-9 
3°75 165 2-45 220 268 289 0-9 
4:75 192 2-30 290 309 358 0-9 
5-75 196 2-30 277 291 341 0-9 
7-75 196 2-45 188 206 252 0-8 
9-25 208 2-45 154 170 216 0-8 


Table 5 summarizes the results of this experiment. Care was taken to use bacterial 
suspensions of similar concentration to avoid dilution effects. A marked increase of 
deaminase activity and closely linked increase of the rate of H, production were observed. 
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The rate of increase of activity was linear and greatest during the logarithmic phase of 
growth, and it would appear that deamination is slightly ahead of H, production. 

The curves for the relation between growth and activity (Fig. 4) show that in the early 
stages either the enzyme is not fully developed or the coenzyme is not being produced in 
sufficient quantities or is very easily lost by diffusion. Further experiments showed that 
both enzyme and coenzyme are relatively less available to the younger organism. 


300 
280 
260 
240 


Qu, with serine 


2 
£ 
8 
& 
E 
i" 
3 
op 
£ 
a 
E 
2 
5 


29 Oe 8 2G eo 
Age of culture (hr.) 


Fig. 4. Development of serine enzyme system during growth. s—a, bacterial growth; 
e—e, hydrogen production from serine by suspensions. 


Table 6 summarizes the results of an experiment (similar to that of Table 5) in which 
the main samples were taken after 2 and 6 hr. growth respectively, and activities were 
estimated with and without the addition of boiled organism. The 2 hr. culture alone has 
a very low activity which is increased fifteenfold by the addition of the coenzyme. 
The 6 hr. culture alone has a much higher activity which is still somewhat increased by 


Table 6. Effect of boiled organism on the activity of suspensions 
prepared from cultures of different ages 


Age of culture (hr.) ... 2 6 


Amount of growth (mg. dry wt./ml. culture) 54 210 
Dry wt. of washed cells used for Qy, (mg.) 3 3 
Qu, With serine: (a) suspension alone 12 288 

(6) suspension + 0-8 ml. boiled organism 172 381 


boiled organism of the concentration used for activating the younger suspension. The 
fully activated 2 hr. sample does not, however, attain the activity of the older organism 
without additional coenzyme. It is certain, therefore, that the amount of enzyme 
present per unit of organism increases with growth. In addition, the coenzyme is either 
produced in increasingly greater quantities with ageing or is much more easily lost by 
diffusion from the younger organism. 
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Arginine 
Table 7 summarizes the quantitative results obtained for the decomposition of arginine 
by Cl. welchit. 

Of the amino-acids attacked arginine is peculiar in three respects: (1) no H, is produced, 
(2) the amounts of CO, and NH, produced in the complete reaction are not equimolecular, 
(3) the quantities of CO, and NH, finally produced vary with the age of the culture used 
in preparing the suspension. The smaller yield of products obtained with the older 
organism is not due to the exhaustion of the enzyme, since another similar quantity of 
products was obtained by tipping in more substrate at the end of the reaction. 













Table 7. Summary of quantitative results with arginine 


: mol. product/mol. arginine 
No. of —--a44"— Qco, OF Qnn, 






exps. Range Mean Mean 
(a) 10-11 hr. organism 
2 5 -- 0 = 
co, 5 0-29-0-36 0-33 90 
NH, 5 1-28-1-34 1-31 299 
Ratio NH,/CO, 5 3-72-4-4 3-98 _ 
(6) 6 hr. organism 
H, 3 _ 0 _ 
CO, 3 0-58-0-60 0-59 — 
NH, 3 1-49-1-79 1-64 - 
Ratio NH,/CO, 3 2-52-3-04 2-78 — 






It seems significant that with organisms of both ages the excess of NH, over 1 mol./mol. 
arginine is equal to the total molar quantity of CO, produced per mol. of arginine. 

The related compounds, ornithine, citrulline, guanidine and urea were investigated in 
an attempt to throw light on the mechanism of the arginine decomposition, but no 
attack on these compounds could be detected. 

Experiments on the effect of concentration of organism and of the addition of boiled 
organism on the rate of the reaction indicated that no diffusible coenzyme of the type 
required for serine is necessary for the attack on arginine. The results of these experiments 
are summarized in Tables 8 and 9. 










Table 8. Effect of concentration of organism on CO, and NH, production from arginine 







Amount of bacterial Expected from 
suspension rate with 0-2 ml. 
(8 mg./ml.) used Found organism % found of 
Product ml. pl./80 min. pl./80 min. expected 

\ 0-2 174 a -- 
CO; {01 80 87 92 
0-2 594 — _— 

NH, {01 277 287 96 





Table 9. Effect of boiled organism on rate of CO, and NH, production from arginine 









Amount of pl. product in 80 min. 
bacterial 
suspension Arginine +0-8 ml. Accelerating 
(8 mg./ml.) used Arginine boiled organism effect of 
Product ml, alone 8 mg./ml. boiled organism 
‘ 0-2 174 164 -10 
One {01 80 62 -18 
. (0-2 594 578 -16 
NH, jo-1 277 310 33 





Changes in pH between 6-1 and 8-0 had a very small effect upon the rate of CO, and 
NH, production from arginine; within this range the activities measured never fell below 


90% of the optimum. 
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Cystine and cysteine 


Both cystine and cysteine were attacked by Cl. welchii with the production of CO, and 
NH;, and H, was formed from cysteine. Of the two amino-acids cystine was the more 
slowly decomposed and in no experiment was its complete decomposition obtained. In 
both cases the activity of the organism was low compared with that for-serine and ° 
arginine (see Table 1). The activity towards both substrates was increased about twofold 
by the addition of boiled organism (cf. serine) and also by the addition of small quantities 


Table 10. Summary of quantitative results with cysteine, cystine and threonine 


mol. product/mol. substrate (mean) 
—— ees 
H, Co, NH, 
Cysteine 5 0-52 0-76 0-86 
Threonine 3 0-72 0-80 0-95 
3* 0-37 0-25 


* These experiments did not reach completion. 


No. of 
exps. 


He 
mean 


14 
12 


ss 


Cystine 


of the culture medium. Some slight activation was obtained by the addition of purine 
derivatives. The quantitative results given in Table 10 were obtained in experiments in 
which the organism was activated in this way. After some 3 hr. the NH, production 
without added amino-acid began to increase rapidly, 

and results obtained with the organism in this state 

were not considered significant. Further, in spite of the 

fact that substrate remained the activity of the enzymes 

fell off sharply. Fig. 5 shows the effect of boiled organism = 
and of growth medium on the H, production; the 
catalytic effect is definite although small. As in the case 

of serine, the NH, and H, productions are parallel and 

both processes are activated to a comparable extent. 

The effect of pH is not marked, and, as with serine and 0 
arginine, there is no clear optimum (cf. Fig. 1). H,S 
production was indicated by the orange staining of the 


0 20 40 60 80 100 120 140 
Time (min.) 


Fig. 5. Effects of broth and _ boiled 


CdSO, absorbers in all cases in which they were used. 
With the exception of the production of H,S and 
the lower Qy,, the decomposition of this amino-acid is 


organism on rate of H, formation 
from cysteine. 1, broth alone; 2, 
cysteine alone; 3, cysteine + broth; 


4, cysteine+optimum amount of 
boiled organism (boiled organism 
control deducted). 


qualitatively and quantitatively similar to that of 
serine. The non-production of H, from cystine suggests 
that it is necessary to reduce cystine to cysteine before 
it may be attacked by the organism. The H, produced from cysteine might then be 
utilized to reduce more cystine. It was found that molecular H, will not reduce cystine 
in this way. 
Threonine 

Threonine was also broken down slowly at a rate comparable with that for cysteine. The 
quantitative yields of H,, CO, and NH, are given in Table 10. The rates of H, and NH; 
production were found to be enhanced to the same extent as with cystejne by boiled 
organism and broth. As with the other amino-acids the pH (see Fig. 1) has no marked 
effect on the activity over the range 6-1-8-0. 


Results with strain S.R. 12 


All substrates were tested with the S.R. 12 strain of the organism, and it was found that 
activities were in all cases qualitatively similar to those of the S.R. 9 strain; the actual 
rates of the reactions, however, varied widely. 
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Discussion 


The few amino-acids which are attacked by Cl. welchii, under the conditions used in the 
present work, fall into two main groups. 

(a) Serine, threonine, cysteine and cystine. These amino-acids are broken down with 
formation of NH;, CO, and, with the exception of cystine, H,. Coenzyme-like factors 
are involved in the breakdown of these amino-acids. These amino-acids, except threonine 
which was not then available, were among those found to be broken down (again with 
formation of H,, CO, and NH;) by Cl. tetanomorphum [Woods & Clifton, 1937]. With 
both organisms no H, was found with cystine. Cl. tetanomorphum attacks a wider range 
of amino-acids than Cl. welchii, for, in addition to the above, glutamic acid, aspartic acid, 
histidine, tyrosine and methionine are also attacked. With Cl. tetanomorphum there was 
no reason to suspect that a coenzyme-like factor might be involved; in the light of the 
results obtained in the present work a further investigation might be profitable. The 
coenzyme-like factor involved in the decomposition of this group of amino-acids is 
present in boiled organism and also in boiled Bact. coli. There is evidence that it has some 
relation to the purine nucleotides and nucleosides, but it does not appear to be identical 
with any of the known coenzymes. 

(6) Arginine. This amino-acid appears to be decomposed by Cl. welchii suspensions 
in a rather different way from those considered under (a) above. Arginine, like serine, is 
rapidly attacked by the organism but no H, is formed. The amounts of CO, and NH, 
produced are not equimolecular (as with serine), and furthermore, both the absolute 
amounts and relative proportions of these products vary with the age of the culture 
from which the bacterial suspension is made. No evidence was found of the necessity of 
a coenzyme-like factor in the decomposition of arginine. This amino-acid is not attacked 
by Cl. tetanomorphum. 

Cl. welchii, like Cl. tetanomorphum [Woods & Clifton, 1937] has no formic hydrogenlyase 
enzyme and no H, is produced from formate. Formate is usually considered to be the 
immediate precursor of H, formed by bacteria, but, as pointed out by Woods & Clifton, 
this cannot be so in the case of the H, produced from amino-acids by Cl. tetanomorphum. 
The same seems also to be true in the case of H, production from amino-acids by Cl. 
welchit. 

Recently Gale [1941] has found, that if suspensions are prepared from cultures grown 
in the presence of glucose and the tests carried out at pH 4-5, Cl. welchit (7 strains 
including 8.R. 9) decarboxylates histidine and glutamic acid with formation of the 
corresponding amines. 

SUMMARY 


Cl. welchii, grown under the best known conditions for the production of amino-acid 
deaminases, attacks only five of the twenty-one commoner amino-acids investigated. 

Serine was actively attacked, giving rise to H,, CO, and NH, in roughly equimolecular 
proportions. A coenzyme, apparently of the purine-nucleotide type, is necessary for this 
reaction. This coenzyme does not appear to be identical with coenzymes I and II or 
with flavin-adenine dinucleotide. 

Cystine, cysteine and threonine are attacked in a similar manner and there is some 
evidence of the necessity of a coenzyme factor. 

Arginine is also attacked with production of NH, and CO, but no H, is formed. The 
final yield of NH, and CO, in the complete reaction varies with the age of the culture 
from which the bacterial suspension is prepared. No evidence for the necessity of a 
coenzyme was found with this amino-acid. 
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Comparative assays, by the yeast growth method, of the activities of extracts from 
injured and uninjured cells showed little difference between the two when tested in 
stationary culture tubes, but a markedly greater activity of injured cell preparations 
when tested in cultures aerated by continuous agitation [Loofbourow, Webb & Abramo- 
witz, 1942]. Further studies of this phenomenon are reported in the present paper in 
view of the important relationship which it must bear to the composition and properties 
of the proliferation-promoting factors (intercellular wound hormones) as well as to the 
mechanism of their physiological action. 










EXPERIMENTAL METHODS AND RESULTS 





The methods of preparation and assay of the materials were similar to those previously 
employed [Fardon, Carroll & Ruddy, 1937; Sperti, Loufbourow & Dwyer, 1937; Loof- 
bourow, Cook & Stimson, 1938; Loofbourow, Cueto & Lane, 1939; Loofbourow, Dwyer 
& Lane, 1940] but since they involved certain modifications and improvements in pro- 
cedure, they will be described in detail. In a typical preparation, 400 g. of moist com- 
mercial cake yeast (S. cerevisiae, Fleischmann baker’s strain) were washed thrice in 
400 ml. portions of distilled water, and then dispersed uniformly in distilled water. After 
removal of an aliquot containing 40 g. wet weight of yeast, the remainder (360 g. wet 
weight) was made up to 3900 ml. with distilled water. This was divided into two 1950 ml. 
portions, which were placed in cylindrical pyrex glass vessels. The depth of the suspension 
was 5-4 cm. in each instance, and the diameter of the vessel at the surface of the sus- 
pension was 22-7 cm. Both suspensions were stirred with motor-driven triangular glass 
paddles, arranged to give equal agitation to the two suspensions. One suspension was 
irradiated with unfiltered ultraviolet light from a Hanovia D.c. quartz mercury are 
operated at 5 amp. with a potential difference of 65-75 V. across the arc. The other 
suspension served as a control. The perpendicular distance from the arc to the suspension 
surface was 25 cm., under which conditions approximately 2-94 x 107 ergs per sec. of 
ultraviolet energy of wave-length shorter than 2900 A. were incident on the suspension. 
The total irradiation period was 8 hr. At the end of this time, 98 % of the cells in the 
irradiated suspension were dead (methylene blue test [Richards, 1932]) as compared with 
7% in the control suspension. There was no appreciable change in cell number in either 
suspension as judged from haemacytometer counts made at intervals throughout the 
irradiation period. A stream of cooling water flowing through a glass coil maintained the 
irradiated suspension at a temperature 24° below that of the control suspension (18-20°). 
No metal was in contact with the suspensions at any time. 

After irradiation, the suspensions were centrifuged and the supernatant fluids were 
decanted and filtered through Seitz EK filters. The filtrates were made up to equal 


* Contribution No. 200 from the Department of Biology, Massachusetts Institute of Technology, Cam- 
bridge, Mass. 
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volumes (1800 ml.) with distilled water, and divided into 150 ml. aliquots, some of which 
were autoclaved at 15 lb. for 20 min. in tightly capped bottles and the remainder set 
aside for use in the immediate assays. 

For the assays, S. cerevisiae, Fleischmann baker’s strain, obtained from 48-hr. slants 
on Sabouraud’s medium was used. The yeast was washed off the slants with Reader’s 
medium, filtered through Whatman No. 1 filter paper, and made up to a coneentration 
of 0-64 mg. wet weight per ml. in Reader’s medium. Addition of 1 ml. of this suspension 
to each culture tube resulted in a final concentration of 0-064 mg. wet weight of yeast per 
ml. of culture (approximately 250,000 cells per ml.), since the total volume of the cultures, 
including test materials, was in each instance 10 ml. The cultures were grown in Reader's 
medium [Reader, 1927] in ? in. pyrex tubes specially selected for optical uniformity so 
that they could be employed directly in a photoelectric densitometer. The densitometer 
readings were calibrated in terms of wet weight of yeast per ml. of suspension [Loof- 
bourow & Dwyer, 1938]. It was thus possible to determine the course of growth periodi- 
cally without removing material from the tubes or exposing the cultures to contamination. 
Aseptic technique was used throughout. 

For tests of growth under non-aerated conditions, the tubes were suspended in a water 
bath at 30+0-1°. For growth conditions approximating the degree of aeration obtained 
in our earlier experiments in which rocker tubes were employed [Loofbourow, Dwyer & 
Morgan, 1938], use was made of a roller tube device in which the tubes were inserted in 
holes near the periphery of a wheel rotating on an axis inclined 12-15° to the horizontal. 
This angle resulted in a comparatively large air interface at the culture medium surface, 
but was insufficient to cause wetting of the cotton plugs of the tubes. Speeds ofrotation 
of 40-82 r.p.m. resulted in closely similar growth kinetics. A speed of 62 r.p.m. was 
finally adopted as standard. The wheel was encased in an insulated cabinet, the interior of 
which was maintained at a temperature of 30 +0-5°. 

Our previous assays of wound hormones were based on the 24-hr. yeast crop, whereas 
in these experiments the progress of growth was followed at frequent intervals for periods 
as long as 82 hr. The studies of growth kinetics will be reported later; attention is con- 
fined in this paper to the effect of aeration. 


(1) Assays under non-aerated conditions (stationary tubes) 


In the example shown in Fig. 1, the stationary tube assays showed equal activities for 
the products from injured and non-injured cells, within the limits of experimental error. 
This was not, however, uniformly the case in stationary tube experiments, as illustrated 
in Fig. 2. The growth activities of the same materials exhibited considerable variation, 
as illustrated in Fig. 2, ‘c’ and ‘d’, which are assays of the same samples (preparation 
12. 31. 41, autoclaved). In view of the results obtained with aerated cultures, described 
below, it seems possible that such variation may be attributable, at least in part, to 
difference in degree of aeration. For each growth determination, the tubes were removed 
from the rack and shaken vigorously to suspend the organisms uniformly before being 
placed in the densitometer. There was some variation in both the frequency and extent of 
shaking in different experiments, and this may have affected the aeration appreciably. 
Before the roller tube experiments were undertaken, it was repeatedly noted that 
cultures containing products from injured cells exhibited rings of yeast growth adhering 
to the tubes at the air-medium interface, while such growth rings were seldom observed 
in cultures containing non-injured cell products and were never observed in the controls. 
These observations, together with the consistent lack of appreciable ‘wound hormone’ 
activity in stationary tube assays as compared with the marked activities of similar 
preparations in the earlier rocker tube experiments indicated that aeration might be 
necessary in order for the ‘wound hormone’ activity to become evident. Furthermore, 
Fardon, Carroll & Ruddy [1937], Fardon & Ruddy [1937], and Norris & Ruddy [1937] had 
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found that extracts from ultraviolet-irradiated cells had marked respiratory-stimulating 
activity when tested on yeast. This suggested a possible relationship between materials in 
such extracts and the respiratory enzyme systems of the test organisms. Hence growth 
assays were undertaken by the roller tube technique of preparations which had exhibited 
little or no activity in stationary tube assays. 


a, 8.11.41 preparations 
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b. 13.11.41 preparations 
O---0 Uninjured cell extracts 
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Fig. 1. Assays of the proliferation-promoting activities of extracts from injured and uninjured cells under 
aerated and non-aerated growth conditions. Concentrations employed: 0-1 mJ. of extract per ml. of 
culture, preparations of 13.12.41. 

Fig. 2. Representative assays of the proliferation-promoting activities of extracts from injured and 

uninjured cells under non-aerated growth conditions. Concentrations employed: 0-1 ml. of extract 

per ml. of culture. 


(2) Assays under aerated conditions (roller tubes) 


It was to be expected that greater yeast growth would be obtained under conditions of 
better aeration, because of the well-known relation of aeration to the growth of yeast. 
The striking effect noted in the roller tube experiments was not simply increased growth, 
however, but markedly greater increase in growth of cultures containing injured cell 
products than of cultures containing uninjured cell products. Thus, in a typical experi- 
ment (Fig. 1), aeration by the roller tube technique resulted in increasing the 24-hr. yeast 
crop of cultures containing injured cell products by approximately 27 times, whereas in 
corresponding cultures containing uninjured cell products, the increase was but 3-5 times. 
Aeration, therefore, appears essential for the full ‘wound hormone’ activity to be observed 
with the test organism, medium and inoculum employed in these experiments. 

Successive assays of the same materials by the roller tube method gave closely similar 
results with reference both to growth kinetics and the relationship of growth to concen- 
tration of stimulating cell extracts. This is illustrated in Fig. 3, in which is plotted the 
relation of the 24-hr. yeast crop to the concentration of added materials for two assays, 
and in Fig. 4, illustrating growth kinetics at various concentration levels of added 
materials, in which curves A and B represent duplicate assays at the 0-1 ml. level. 

The relation of concentration to 24-hr. yeast crop was not linear throughout the entire 
concentration range for the injured cell products (Fig. 3). In previously reported experi- 
ments using rocker tube techniques [Loofbourow, Dwyer & Morgan, 1938; Loofbourow, 
Dwyer & Lane, 1940], linear crop-concentration relationships were usually found for 
concentrations up to those corresponding to 24-hr. yeast crops of 4-5 mg. per ml., 
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whereas in these experiments departure from linearity occurred at levels corresponding to 
24-hr. crops of 2-5 mg. per ml. or less. It is possible that the factor limiting linearity of 
response at the higher concentration levels in these experiments was insufficient aeration 
in the roller tubes as compared with rocker tubes. 
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> + "(daplicate assay) 
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—+ Injured cell extracts 


0---© Uninjured cell extracts 


24 hr. yeast crop, mg. per ml. wet weight 
Yeast crop, mg. per ml. wet weight 


0-02 0-06 0-10 0- 
0-04 0-08 O12 
ml. of extract per ml. of culture Elapsed time, hr. 


Fig. 3. Fig. 4. 


Fig. 3. Relation of 24 hr. growth to concentration of injured and uninjured cell extracts. Duplicate assays 
of 13.12.41 preparations under aerated growth conditions. 


Fig. 4. Assays of injured and uninjured cell extracts under aerated conditions at various concentration 
levels. The numbers on the curves refer to ml. of added material per ml. of culture. Preparations 
of 13.12.41. 


Discussion 


Davidson [1940] obtained increased growth in flask cultures containing irradiated yeast 
products as compared with cultures containing non-irradiated yeast products, without 
agitation of the cultures. Our results are not inconsistent with his, however, since (1) 
the air-medium interface in flask cultures is considerably greater in proportion to the 
amount of medium employed than in tubes such as those used in our non-aerated experi- 
ments, and (2) even in our stationary tube experiments, some wound hormone activity 
was usually observed (Fig. 2), though the difference in activities of injured cell and un- 
injured cell preparations was always of markedly lower order than that obtained under 
aerated conditions. 

The evidence of ‘wound hormone’ activity in aerated cultures of injured cell products 
which failed to exhibit such activity under non-aerated growth conditions, together with 
the previously mentioned results of Fardon, Carroll & Ruddy [1937] and Fardon, Norris 
et al. [1937] indicating respiratory-stimulating activity of such materials suggest a 
relationship to respiratory enzymes of the active factors in preparations from ultra- 
violet-injured yeast. The ultraviolet absorption spectra of the injured cell products 
showed a maximum at 2600 A., characteristic of purines and pyrimidines, with an 
extinction coefficient markedly higher than that in the spectra of uninjured cell products, 
in agreement with reports of similar preparations from both yeast and animai tissues 
[Loofbourow, Cook & Stimson, 1938; Cook, Loofbourow & Stimson, 1939]. The effect of 
pH on the spectra of the injured cell products resembled that on the spectrum of adenine 
[Loofbourow & Stimson, 1940] rather than that on the spectrum of uracil [Heyroth & 
Loofbourow, 1931; 1934], cytosine [Loofbourow & Stimson, unpublished), or guanine 
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[Holiday, 1936; Heyroth & Loofbourow, 1934]. These spectrographic data, together with 
previously reported chemical tests [Loofbourow, Cook & Stimson, 1938; Cook, Loof- 
bourow & Stimson, 1939] indicating the presence of adenine, pentose and phosphorus 
in ‘wound hormone’ preparations, led us to investigate their possible content of diphospho- ' 
or triphospho-pyridine nucleotides. On reduction of the preparations with sodium 
hydrosulphite, the characteristic 3450 A. band of the reduced coenzymes [Warburg, 
Christian & Griese, 1935; Warburg & Christian, 1936] failed to appear. Tests of injured 
cell preparation 13.12.41 for diphosphopyridine nucleotide by the method of Jandorf, 
Klemperer & Hastings [1941] indicated its content of this coenzyme to be less than 
0-5ug. per ml., as compared with a hypothetical concentration of approximately 
300g. per ml. calculated from the absorption at 2600 A. These data, together with 
previously reported negative chemical tests for pyridine, are presumptive evidence that 
the substance or substances accounting primarily for the 2600 A. ultraviolet absorption 
of the wound hormone preparations are not coenzyme I or II. 

The possible identity of the ultraviolet-absorbing moiety with adenosine triphosphate, 
adenosine diphosphate, muscle adenylic acid, yeast adenylic acid or adenosine is being 
investigated. A variety of evidence, which will be reported in detail subsequently, 
indicates that the ultraviolet-absorbing moiety does not account entirely for the 
proliferation-promoting activity of the preparations, but it appears, none the less, to 
contribute materially to such activity. 

It should be emphasized that the requirement of aeration for full ‘wound-hormone 
activity’ in the experiments reported does not necessarily mean that this phenomenon 
would be observed under other conditions of culture medium, test organism, inoculum or 
source of wound-hormone material. Further investigations are being carried out to © 
determine the effects of such variables. 






























SUMMARY 


Growth tests of injured cell products (wound hormones) from yeast as compared with 
non-injured cell products showed activities of approximately 32 to 1 under aerated 
culture conditions, while assays of the same preparations in non-aerated cultures showed 
inappreciable differences in activity. The necessity of aeration for exhibition of ‘wound 
hormone’ activity, and the ultraviolet-absorbing characteristics of the preparations sug- 
gested the possibility that coenzyme I or II might account for the activity, at least in 
part. Spectrographic tests (hydrosulphite reduction) for coenzymes I and II, and 
biological tests for coenzyme I were negative. The possibility that other adenine com- 
plexes may account for the ultraviolet absorption and for an appreciable proportion of 
the activity is suggested. 
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60. The Estimation of Iodine in Thyroid Gland Material. 
An Examination of Kendall’s Method of Combustion 


By Hazel M. Doery, Commonwealth Serum Laboratories, Melbourne 
(Received 14 May 1942) 


The preliminary step in the estimation of iodine in organic material is oxidation of the 
sample; either wet or dry combustion is used in open or closed systems, whether the 
sample varies in iodine content from that of blood (of the order of 10ug./100 ml.), to 
that of dried thyroid gland powder (of the order of 400 mg./100 g.) [Fellenberg, 1924, 
1930; Kendall, 1920; Kendall & Richardson, 1920; Leipert, 1933; McClendon, 1924; 
Middleton, 1932; Trevorrow & Fashena, 1935]. The open systems of combustion as used 
for analyses of thyroid gland powder require modifications and precautions in their 
application to estimations of such small amounts of iodine as occur in blood. While this 
paper refers to analyses of thyroid gland powder using Kendall’s method of combustion, 
it may have significance for estimations of smaller amounts of iodine. 

Kendall’s method of combustion [1920] entails heating the sample to be analysed in 
a nickel crucible, with solid caustic soda moistened with water. The combustion proceeds 
with gentle heating at first and is completed by placing the nickel crucible inside a larger 
iron crucible and separated from it by a layer of sand. Heat is applied to the outer 
crucible supported in a specially designed furnace, the mixture fuses and organic matter 
is destroyed. Kendall recognized the possibility of loss of iodine by excessive or in- 
sufficient heating, but concluded that ‘there is a wide range of temperature between 
the two limits and after a little experience no difficulty is encountered’. The solution 
of the alkaline mixture is oxidized with bromine and the estimation completed by 
titration with N/200 sodium thiosulphate. 

The chief criticism to which this method has been subjected is the possibility of loss 
of iodine either as spray, as volatile substances, or through creeping of the sample up 
the sides of the crucible. Creeping up the sides of the crucible, never a difficulty in these 
laboratories, is avoided very simply by gentle controlled heating in the early stages of 
combustion. Experience with this method, nevertheless, has shown that there is a well- 
defined temperature of combustion above which loss of iodine does occur. It is the 
purpose of this report to show that this iodine is retained in the nickel crucible and is 
not lost by vaporization or spray, and further, that the retention of iodine in the crucible 
can be regulated by strict control of the maximum temperature of combustion. 

An account of the circumstances which gave rise to this examination may be relevant 
to this report. Constant use of a method had been made employing a combustion process 
essentially that of Kendall, and a procedure for bromine oxidation and subsequent 
titration similar to that adopted by the British Pharmacopoeia 1932. This method had 
given general satisfaction for the determination of iodine in both thyroid gland powder 
and thyroid tablets, but an occasional high result within a series of estimations of iodine 
in thyroid gland tablets was a disturbing factor. On repetition of the analyses the high 
results did not recur, and the result was in accord with that calculated from the known 
dilution of the thyroid powder. No satisfactory explanation of these occasional high 
results had been forthcoming, until it was observed that they occurred within a series, 
only where the crucibles had previously been used for analyses of samples with con- 
siderably higher iodine content, namely, thyroid gland powder. It was finally shown 
that if iodine-free caustic soda was fused in the nickel crucibles immediately after they 
had been used for analyses of iodine in thyroid gland powder, and iodine estimations 
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carried out on the solution of the melt, titratable amounts of iodine were found to be 
present. Such ‘blank fusions’ were taken as evidence for the retention of iodine in the 
crucibles from the previous analyses. Subsequent fusions of caustic soda in the crucibles 
failed to show significant traces of iodine. Further, it was shown that significant amounts 
of iodine were retained in the crucible only if the maximum temperature of combustion 
was raised above 400°. Such retained iodine is not removed by boiling the crucibles in 
water but only by a further fusion of caustic soda. 

Table 1 shows (a) the extent of this retention of iodine within the crucibles when a 
method essentially that of Kendall, without strict temperature regulation, is used 
(Table 1A); (6) the increase in retained iodine when the maximum temperature of 
combustion is raised from 400° to 450° and 500° (Table I B, C, D); (c) the significance 
of retdined iodine in analyses of smaller samples of thyroid gland powder both alone 
and together with lactose in approximately the proportions used in tablets, with a 
maximum temperature of combustion of 400° (Table 1 E, F). 


Table 1. Control of temperature of combustion 


A129 is defatted thyroid gland powder dried at 60° 


Iodine found 
Sample Max. temp. of —— Blank fusion 
g. furnace mg. % mg. iodine found 


Al2 Kendall’s method. 1-036 0-482 0-006 
approx. 0-2 No temp. recorded 0-890 0-459 0-015 
0-793 0-438 0-050 | Mean weight of iodine 
0-912 0-440 0-050 | retained =0-024 mg. 
0-914 0-437 0-017 
0-871 0-451 0-008 } 
Av. 0-451 


0-876 0-440 0-033 
0-878 0-460 0-016 
0-877 0-457 0-013 | Mean weight of iodine 
0-902 0-455 0-012{ retained =0-020 mg. 
0-878 0-448 0-023 
0-903 0-449 0-020 ) 

Av. 0-452 


0-943 0-467 0-016 | 

0-945 0-459 0-020 

0-923 0-455 0-019 | Mean weight of iodine 
0-985 0-458 0-030 | retained =0-020 mg. 


A 
° 


DS Ol OO Do 


A129 
approx. 0-2 


Ook Oho 


A129 450° 
approx. 0-2 (30 min.) 


0-928 0-462 0-019 
0-977 0-465 0-014. 


- 0-461 
1-029 0-463 0-002 | 
1-017 0-477 0-002 
0-962 0-472 0-002 | Mean weight of iodine 
0-924 0-472 0-002 | retained =0-002 mg. 
1-040 0-475 0-002 
0-902 0-477 0-000 | 


Av. 0-473 


0-176 0-476 0-000 
0-171 0-457 0-000 
0-176 0-446 0-008 
0-180 0-461 0-002 
0-179 0-478 0-000 


—_—— 


Av. 0-464 
0-165 0-462 0-000 
0-166 0-464 0-000 
0-168 0-457 0-000 
0-182 0-477 0-001 
0-190 0-474 0-000 
Av. 0-467 


aor Whe 


A129 
approx. 0-2 


Qok Wh 


A129 
approx. 0-036 


OU GO bo 


A129 
approx. 0-036 + 
0-16 of lactose 


Ct 02 bo 
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It is evident that by observing the procedure indicated by Kendall [1920] in an 
analysis of iodine in 0-2 g. of thyroid gland powder, the average retained iodine (recorded 
as the blank fusion) may be only of the order of the average variation of the determina- 
tion (Table 1A). But if this retained iodine be superimposed on an analysis of iodine 
of the order of that found in thyroid gland tablets (Table 1 E, F), the apparent iodine 
content of the latter may be increased by as much as 30%. The figures taken together 
illustrate the value of controlling the maximum temperature of combustion, and provide 
a solution of the difficulties experienced, which led to this investigation. 


The effect of time for which combustion is maintained at 400° 


The effect of the time for which the sample is maintained at 400° is demonstrated by 
the results of the following analyses of 0-2 g. of thyroid gland powder A131. Maintaining 
the final temperature of combustion at 400° for 15 min., the retained iodine amounted 
to 0-4% of the iodine of the sample; after 30 min. it amounted to 0-6%, while after 
45 min. at 400° the retained iodine was still only 1-1°% of the iodine of the sample 
analysed. These results are the average of six analyses at each time interval of combustion 


at 400°. 
Method finally adopted 


The method finally adopted for the estimation of iodine will be described in detail. 
Approximately 0-2 g. of the powdered sample (thyroid gland powder or tablets), accu- 
rately weighed, is placed in a nickel crucible 6 cm. in diameter and 5-5 em. high, together 
with 10 g. of caustic soda broken into small pieces, and the mixture moistened with 
water, drop by drop. The crucible is placed on a sand bath, the temperature of which 
is sufficient to drive off all moisture but never sufficient to melt it completely. Care is 
taken from the start to heat the sample gradually, and assist its even dispersion by 
gentle rotation from time to time. The crucible is then transferred to a second sand bath, 
the temperature of which is sufficient to melt the sample gradually but which never 
rises to 400°. Cautious heating and gentle rotation allow the sample to melt and finally 
become clear with a short initial frothing, which subsides as the sample melts, without 
rising up more than one-fifth of the side of the crucible. When the melt completely 
clears, the combustion is continued by the addition of a few mg. of potassium nitrate, 
the crucible being placed in an electric furnace pre-heated to 400°. After a slight fall 
in temperature the furnace is brought back to 400° in about 5 min., maintained at that 
temperature for 15 min., then the crucible is removed. Throughout the combustion a 
very small air space is left between the lid and the rim of the crucible. At no stage is 
the lid allowed to fit completely over the rim, thus closing this gap. The estimation is 
completed by the oxidation of the iodine to sodium iodate. The melt, after cooling 
slightly, is poured on to the lid of the crucible and dissolved with hot water, the crucible 
and lid are washed carefully free from alkali and the solution, approximately 200-250 ml., 
is transferred to a 500 ml, Erlenmeyer flask. To the cooled solution are added 2 drops 
of 0-2% methyl orange, 1 ml. of 10% sodium metabisulphite solution and concentrated 
phosphoric acid till the solution is acid to methyl orange. The addition of a small amount 
of powdered tale promotes smooth boiling. Bromine vapour is blown on to the surface 
of the solution, which is gently rotated, until it is definitely yellow, and after boiling 
for 10 min. the solution, cooled to room temperature, is ready for titration. Titration 
is carried out with N/200 sodium thiosulphate after the addition of approximately 0-3 g. 
of powdered potassium iodide and 5 ml. of 0-5 % starch solution containing 0-1 % salicylic 
acid. N/200 sodium thiosulphate containing 0-4 °% amyl alcohol [Hercus, 1931] retains 
its strength for several months but is checked from time to time with a standard potas- 
sium iodate solution. When blank fusions are carried out, 10 g. of caustic soda, moistened 
with a few drops of water, are placed in the crucible which has been washed free from 
alkali from the previous analysis. The combustion and bromine oxidation are then 
34-2 
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continued as in the method just outlined. The total time for combustion may amount 
to 2-3 hr. when six samples may be run simultaneously. Where samples are solutions 
of alkaline hydrolysates, they are evaporated slowly to a small volume in the nickel 
crucibles before the 10 g. of solid caustic soda are added for combustion. 


Recovery of iodine 


Using the above method of estimation of iodine in the caustic soda obtained from the 
blank fusion, it is possible that any extraneous material of an oxidizing nature might 
react with the added potassium iodide and be recorded as iodine. To check this possi- 
bility, known amounts of iodine in the form of potassium iodide were taken and subjected 
to the combustion process at 400 and 500° respectively, and estimated as in the method 
described for thyroid analyses. Each recovery was followed by a blank fusion of caustic 
soda as before. : 

The procedure in these experiments was as follows. Solutions of potassium iodide 
were made up to contain approximately 1 and 0-18 mg. of iodine/ml. respectively. 1 ml. 
of the freshly prepared solution of potassium iodide, previously analysed, was added to 
10 g. of solid caustic soda in a nickel crucible and subjected to controlled combustion. 
The estimation of iodine in the solution of the melt was concluded as in the method 
outlined. The solutions of potassium iodide were previously analysed for iodine by 
placing 1 ml. of these solutions in 200 ml. of water containing 10 g. of caustic soda and 
1 ml. of 10% sodium metabisulphite, then acidifying with phosphoric acid using methyl 
orange as indicator. The bromine oxidation and subsequent titration with N/200 sodium 
thiosulphate were completed as already described in the routine procedure. 

Table 2, which follows, records the results of these recoveries, and shows that when 
potassium iodide is subjected to the combustion process adopted for the estimation of 


Table 2 Total mg. 
Blank iodine found 
fusion in estimation 

mng. iodine and blank 
found fusion 
0-017 0-968 
0-013 0-979 
0-025 0-976 
0-010 0-966 
0-011 0-995 
0-031 0-976 

. 0-977 
0-002 0-184 
0-007 0-183 
0-001 0-181 
0-001 0-182 
0-002 0-181 
0-001 0-182 


Max. temp. of mg. of iodine 
furnace taken as KI 


500° 0-985 
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jodine in an organic substance, more than 99% of the iodine can be accounted for by 
the sum of that estimated by the method outlined, together with that retained in the 
crucible. These results support the view that blank fusions record the retained iodine 
and not extraneous material of an oxidizing nature. Furthermore, the fact that more 
than 99% of the iodine can be accounted for even when the maximum temperature of 
combustion is raised to 500° is an answer to the criticism that iodine is lost as spray or 
by volatilization in Kendall’s method of combustion. In addition this means that in 
an estimation of approximately 1 mg. of iodine, with the maximum temperature of 
combustion of 500°, the average retained iodine may amount to 2% of that present 
just as was observed with the samples of thyroid in Table 1B. 

The foregoing recoveries of iodine were, by design, carried out in the absence of organic 
matter. To check the recovery of inorganic iodine in the presence of organic matter, 
iodine in the form of potassium iodide was added to 0-2 g. samples of thyroid gland 
powder, previously analysed by the routine method adopted. The total iodine was 
estimated, and each estimation was followed by a blank fusion as before in the same 
crucible (Table 3). The average of the iodine estimated in the six analyses was 99% of 





1ount 
itions 
rickel 










a the 
night 
08Si- 
acted 
thod 


ustic 











»dide 
1 ml. 
od to 
tion. 
thod 






Table 3. Recovery of iodine when added to 0-2 g. samples of thyroid powder 
of 0-410°/, I using controlled combustion at 400° 



















> by 
and Total mg. Total 
Blank iodine found recovery 
thyl mg. iodine mg.iodine Total mg. fusion +mg.iodine as % of 
lium in thyroid ded iodine mg.iodine mg. iodine in blank total 
sample as KI taken found . found fusion iodine 
No. I Il I+ Ii IV Til+IV taken 
‘hen 0-841. 1-011 1-852 1-845 9-009 1-854 100-1 
n of 2 0-816 1-011 1-827 1-830 0-013 1-843 100-9 
3 0-841 1-011 1-852 1-833 0-007 1-840 99-3 
4 0-832 1-011 1-843 1-753 0-033 1-786 96-9 
g. 5 0-828 1-011 1-839 . 1-827 0-017 1-844 100-3 
ind 6 0-865 1-011 1-876 1-887 0-002 1-889 100-8 
: Av. 99-:7% ey 






the total iodine taken, while the sum of the iodine estimated, together with that found 
in the blank fusion, gave an average total recovery of 99-7°%. Table 3, together with 
Table 1 D, E, F, also show the limits of accuracy of estimations of iodine varying from 
1-8 to 0-18 mg. In the former case a loss of 1% may be expected, while in the latter 
the loss may be between 1 and 2%, or approximately 0-003 mg. This is very close to 
the limit of approximately 0-001 mg. of iodine that can be detected by this procedure 
in a volume of 200 ml. 








Discussion 







Long-continued use of nickel crucibles for fusion of caustic soda leads to irregular pitting 
of the surface and finally to leaking of the caustic soda. The increasing amount of iodine 
retained in the crucibles as the temperature of combustion is increased, and the presence 
of a fine precipitate of nickel oxide in the solution of the melt, are factors that suggest 
that the caustic soda seeps into the surface of the crucible carrying with it the iodine. 
Thus a demonstration is provided of the gradual and irregular attack on the crucibles 
resulting finally in holes. The amount of iodine retained in the crucibles depends both 
on the concentration of the iodine in the caustic soda and the temperature to which it 
is raised. This report draws attention to the possibility of controlling the amount of 
iodine retained, by controlling the maximum temperature of combustion. Nevertheless, 
where large amounts of iodine have been determined even with a maximum temperature 
of combustion of 400°, or where the previous history of the crucibles is unknown, a blank 
fusion of caustic soda is a wise precaution before further use of the crucibles. 
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That such a source of loss has not been emphasized before is understood, when it is 
seen that where the same crucibles are used continuously for analyses of approximately 
uniform amounts of iodine, such losses cancel one another out in a series of estimations, 
Crucibles from three different sources have shown the same behaviour. 

Control of temperature by degree of redness of the crucible is never reliable, as it is 
so largely influenced by the variable daylight in which the crucible is viewed. Elmer's 
discussion [1938] of this point further emphasizes its importance. Temperature control 
of combustion has been given careful attention in estimations of iodine in blood [Kendall 
& Richardson, 1920; Elmer, 1938; Harvey, 1935; Stimmel & McCullagh, 1936] and 
possible loss through volatilization has been discussed. In estimating larger quantities 
of iodine, Sigurjonsson [1938] refers to the risk of loss by volatilization unless the tem- 
perature of ashing is controlled. This method is similar in principle to that of Middleton 
[1932], and to the procedure adopted by the 1936 Addendum to the British Pharma- 
copoeia. Experience here with the latter method shows that one of the precautions 
necessary to make this method reliable, is rigid control of the temperature of combustion 
at 450-550° rather than reliance on ‘dull red heat’. It should be mentioned that Foster 
& Gutman [1930] and Leland & Foster [1932] modify Kendall’s method of combustion 
without discussing their reasons for so doing. They judge the conclusion of combustion 
by the appearance of a coating of nickel oxide on the bottom of the crucible. As this 
coating may take place below 400° they probably avoid the retention of iodine within 
the crucible, but temperature control should provide a more reliable guide. Never- 
theless, indications are to hand that in analyses of thyroid powder containing approxi- 
mately 0-13 mg. of iodine, maximum recoveries can only be obtained if combustion is 
continued for 15 min. at 400°, after the addition of potassium nitrate and the coating 
over of the bottom of the crucible. Thus, while temperature control of combustion has 
been used in certain methods of iodine estimations, this paper draws attention to the 
need for its wider application and to an additional source of loss which it may influence. 

With temperature control of the caustic soda fusion, Kendall’s method of combustion, 
as a preliminary to the determination of iodine in thyroid gland preparations, can be 
handled confidently. The combustion would be simplified by~using a suitable furnace 
fitted with temperature control throughout, rather than sand baths in the initial stages. 

A commercial nickel was stated to contain 99-3°% nickel with maximum limits of 

impurities of iron 0-4°%, copper 0-1%, silicon 005%, carbon 0-1%, sulphur 0-02% 
and manganese (trace). While there are no indications that these elements are responsible 
for the retention of iodine in the method under discussion, the practical considerations 
are unaltered, should this be due to impurities in the nickel. 
_ When this systematic examination was begun, the crucibles were new. The analyses 
recorded in Table 2D represent the 100th fusion in each crucible. It is quite possible 
that as crucibles age, this source of loss may increase, although crucibles which have 
had constant use for several years, recently gave negligible amounts of retained iodine 
after controlled combustion of thyroid samples at 400°. 

The observations made in connexion with estimations of iodine are of possible signi- 
ficance wherever nickel crucibles are used for fusions of caustic soda in analytical work. 


SUMMARY 


1. Possible sources of loss of iodine during the combustion of organic matter are dis- 
cussed in relation to the estimation of iodine in thyroid gland material. 

2. Kendall’s method of combustion is reviewed and shown to be reliable when sub- 
jected to temperature control. 

3. A possible limiting factor is suggested in the use of nickel crucibles for caustic 
soda fusions. 
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During cultural tests to determine the most suitable source of nitrogen for various wood- 
rotting fungi it was observed that a highly objectionable odour, akin to that of decaying 
cabbage, was produced by Schizophyllum commune Fr. when this fungus was grown on a 
synthetic medium containing ammonium and magnesium sulphates, although in the 
absence of sulphate no such odour was apparent. This suggested the possibility that the 
fungus was converting the sulphate present in the medium into volatile sulphides and 
since the reduction of sulphates to sulphides by fungi does not seem to have been re- 
corded, it appeared worth while to investigate the nature of the volatile substance pro- 
duced by S. contmune. 

The fungus was grown on a synthetic.medium containing sulphates, and a current of 
sterile air, drawn over the surface of the culture to remove gaseous products, was bubbled 
through mercuric cyanide solution. The volatile organic product thus isolated as the 
mercaptide was found to be methyl hydrogen sulphide. A slight blackening of the 
reagent in the earlier stages of the experiment indicated the probable presence of traces 
of hydrogen sulphide. A second bubbler containing mercuric chloride solution collected 
only a small amount of precipitate which proved to be the compound CH,SHgCl, which 
had evidently arisen from traces of methyl mercaptan not absorbed by the first bubbler. 
Thus no evidence of any other volatile sulphides was obtained. Quite apart from the 
indication afforded by the odour, which is absent when the medium does not contain 
sulphates, it is established on a quantitative basis that’ the methyl mercaptan produced 
must have arisen from sulphate. 

Two features of this reaction are of interest, (a) the reduction of sulphate to sulphide 
and (b) the methylation with the production of methyl mercaptan, although it is not 
intended to imply that complete or even partial reduction necessarily precedes methy- 
lation. The reduction of sulphates to sulphides is a well-known and characteristic reaction 
of certain bacteria and has been stated to occur in the case of yeasts [cf. Tanner, 1918] 
although it is doubtful whether the H,S which is undoubtedly formed arises from the 
sulphate present in the medium. Certain of the higher plants are able to reduce sulphates, 
thus Nightingale, Schermerhorn & Robbins [1932] found that sulphate is reduced to 
sulphite and apparently to sulphydryl in the comparatively alkaline phloem region of 
roots and tops, and reduction of sulphate to disulphide was found by Hammett & 
Reynolds [1937] to occur in extracts of Phaseolus vulgaris root tips. Direct evidence of 
the reduction of sulphates by fungi is lacking, although it is to be inferred from the fact 
that many fungi can grow and therefore assimilate sulphur on synthetic media containing 
sulphate as sole source of sulphur. From a survey of the ability of Aspergillus niger to 
assimilate inorganic sulphur compounds Steinberg [1941] concluded that sulphur is 
reduced to sulphoxylate before conversion into organic sulphur. Sulphide and disulphide 
were not assimilated. We believe that the present example is the first recorded instance of 
the reduction of sulphate to sulphide by fungi. 
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FUNGAL PRODUCTION OF METHYL MERCAPTAN 


Methylation is a widespread biological phenomenon and numerous instances of it have 
been reported amongst the fungi. It is often regarded as a method of detoxication of 
substances harmful to the organism. Birkinshaw & Findlay [1940] showed that the wood- 
destroying fungus Lentinus lepideus produces methyl methoxycinnamate and suggested 
that this ability to produce methylated compounds might account for the high resistance 
of this fungus to antiseptics such as creosote. L. lepideus, when grown on wood preserved 
with zine meta-arsenite gives off a strong smell of garlic [van den Berge, 1934], which on 
the strength of the investigation of Challenger, Higginbottom & Ellis [1933; see below] on 
Penicillium brevicaule has been attributed to trimethylarsine, although no identification 
of the gaseous products was undertaken. It is hoped to examine this aspect of methy- 
lation by Lentinus lepideus in a future investigation since it has not only theoretical 
interest but also obvious practical importance as indicating the possible danger of using 
in buildings timber preserved with arsenic compounds. 

The methylation of inorganic sulphur by fungi has not been previously noted, but the 
observation of Haas [1935] that the seaweeds Polysiphonia fastigiata and P. nigrescens 
evolve dimethyl sulphide very shortly after being gathered is of interest in this con- 
nexion. The closest parallel to the present case is to be found in the observations of 
Challenger and his collaborators on the mould Penicillium brevicaule (Scopulariopsis 
brevicaulis). This organism, when grown on bread cultures containing arsenious oxide, 
sodium methyl arsonate or sodium cacodylate affords trimethyl arsine [Challenger et al. 
1933]; in presence of sodium selenate or selenite, dimethyl] selenide is obtained [Challenger 
& North, 1934]. On the other hand, no dimethyl sulphide could be obtained from sulphur, 
sodium sulphite,-sodium thiosulphate, thiourea, sodium ethyl sulphonate, ‘rongalite’ or 
thiodiglycollic acid. Diethyl disulphide is converted into ethyl mercaptan and methyl 
ethyl sulphide and di-n-propy] disulphide yields n-propyl mercaptan and methyl-n-propyl 
sulphide [Challenger & Rawlings, 1937]. These last examples involving methylation of 
organically linked S are in a somewhat different category from the direct methylation of 
inorganic sulphur which is accomplished by Schizophyllum commune. 

It thus appears that although the fungi Penicillium brevicaule and Schizophyllum 
commune may have somewhat similar methylating actions, Penicillium brevicaule lacks 
the power shown by Schizophyllum commune of reducing oxygen acids of sulphur to 
sulphide. It is unlikely that any of the moulds which have been cultivated in the 
laboratory on synthetic media are able to convert sulphates into volatile sulphides, since 
sulphates are usual constituents of synthetic media and any volatile sulphides formed 
would be readily detected by their odour. 








































EXPERIMENTAL 






Organism. The strain of Schizophyllum commune Fr. employed was originally isolated 
from kiln-dried African mahogany and had been identified by the production in culture of 
typical sporophores. The culture was tested and found to be free from bacterial con- 
tamination. 








Method of culture 


The fungus was grown in a London tap-water medium containing the following added 
constituents: glucose 3%, (NH,),SO, 0-3%, KH,PO, 0-25%, MgSO,,7H,O 0-1%, Mar- 
mite (as source of aneurin) 0-01 %, traces of iron (as FeCl,), copper, manganese and zinc 
(as sulphates) and boron (as borax). The medium was distributed in 12 one-litre conical 
flasks (350 ml. per flask) and sterilized by autoclaving. Each flask was inoculated with a 
small portion of mycelium from an agar slope, the inoculum being carefully floated on the 
surface of the culture solution. The cotton wool plugs were then replaced by sterilized 
rubber bungs carrying inlet and outlet tubes, the former reaching almost to the surface 
of the liquid. The flasks were connected in series by means of sterilized rubber tubing and 
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arranged so that a current of sterile air could be drawn through the system. The cultures 
were incubated at 24°. 

After 8 days’ incubation all the flasks were showing good growth. From this time 
20 litres of air were drawn through the flasks daily on 5 days a week, the air being led 
from the last flask of the series through a bubbler containing 5°% aqueous mercuric 
cyanide. From time to time as precipitate accumulated in the bubbler the-latter was 
removed and replaced by another bubbler containing fresh solution. During the greater 
part of the experiment another bubbler containing mercuric chloride solution was inserted 
after the mercuric cyanide bubbler. The amount of precipitate formed in this bubbler 
was only small in amount. 


Examination of the precipitates 


(a) Mercuric cyanide bubbler. The early precipitate formed in the bubbler was greyish 
white in colour with blackening around the point where the aspirated air first came into 
contact with the solution. This was probably due to the production by the fungus of 
traces of hydrogen sulphide. This blackening was absent in the later stages of the experi- 
ment, the precipitate being almost pure white. Each lot of precipitate was collected, 
washed and dried, the weights obtained during the successive periods being: 8th to 17th 
day, 0-39 g. (M.P. 165°, decomp.); 17th to 28th day, 0-65 g.; 28th to 55th day, 1-39 g.; 
55th to 105th day, 1-40 g. (m.p. 184°). After 3} months the experiment was terminated 
but the precipitate was still being formed, although the rate of production had slackened. 

The precipitate crystallized from ethyl alcohol in the form of shining plates although 
the solubility was low even in the boiling solvent. After this treatment the M.2. of all the 
fractions reached a steady value of 184° (decomp.). (Found: C, 8-74, 8-59; H, 2-23, 2-12; 
S, 21-4, 21-59%. Hg(SCH,), requires C, 8-15; H, 2-05; 8, 21-75%.) It is evident that the 
precipitate consists of mercury methyl mercaptide, although the m.P. of this substance 
is given by Klason [1887] as 175°. Further evidence of its identity was obtained by - 
preparing pure methyl mercaptan by the method of Arndt [1921] and allowing it to react 
with mercuric cyanide solution. The precipitate so obtained crystallized in plates from 
ethyl alcohol, had m.p. 185° (decomp.) and showed no depression when mixed with the 
product derived from the fungus. 

The yield of crude methyl mercaptide (3-84 g.) obtained during the run of the experi- 
ment would contain 0-83 g. of sulphur. The only form of sulphur in the medium other 
than sulphates would occur in the Marmite (if we neglect the tap water). The total Marmite 
present was only 0-42 g. which obviously cannot account for the volatile sulphur obtained. 
Hence the sulphur of the methyl mercaptan formed must have been derived from sul- 
phate. 

(6) Mercuric chloride bubbler. The small amount of precipitate in this bubbler (0-54 g.) 
was collected, washed and dried. It did not melt below 360° and was shown by analysis 
to have the composition CH,SHgCl. (Found: C, 4-47; H, 1-34; 8S, 12-2; Cl, 13-1%. 
CH,SHgCl requires C, 4-24; H, 1-07; 8, 11-3; Cl, 12-5%.) 

As RSHg(Cl is one of the products of interaction of alkyl mercaptan with mercuric 
chloride [cf. Challenger & Rawlings, 1937] the product isolated is assumed to have been 
formed from small amounts of methyl mercaptan which escaped absorption in the 
mercuric cyanide bubbler. There is thus no evidence of the production of any volatile 
sulphur compound other than methyl mercaptan (apart from traces of H,S) although it 
is recognized that only compounds forming insoluble products with the reagents employed 
would be detected. 

This work is published by permission of the Department of Scientific and Industrial 
Research and was undertaken as part of the programme of its Chemistry and Forest 
Products Research Boards. 





FUNGAL PRODUCTION OF METHYL MERCAPTAN 


SUMMARY 


The fungus Schizophyllum commune Fr. when grown on synthetic media containing 
inorganic sulphates produces methyl mercaptan and (probably) traces of hydrogen 
sulphide. 
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It is now well established that vitamin B, is concerned in the metabolism of carbo- 
hydrate. Deficiency of the vitamin results in an accumulation in the blood of lactic acid 
[Callazo & Morelli, 1925] and of pyruvic acid [Thompson & Johnson, 1934; 1935; Platt & 
Lu, 1936]. It is now known that the pyrophosphate of vitamin B, functions as a coenzyme 
in the decarboxylation of pyruvate [Lohmann & Schuster, 1937]. “Studies on tissue 
respiration have shown that avitaminosis produces a diminished O, uptake in many 
tissues, and Peters and his co-workers at Oxford were able to demonstrate that this 
diminished tissue respiration in polyneuritic animals, associated with an inability to 
oxidize pyruvate, may be rectified by the addition of vitamin B, to the tissue respiring 
in vitro. They have called this phenomenon the ‘catatorulin effect’ [see Peters, 1936; 
1940}. 

The role of vitamin B, in carbohydrate metabolism has also been demonstrated by the 
fact that an increase in dietary carbohydrate accentuates the symptoms of deficiency of 
the vitamin [e.g. Funk, 1914; Randoin & Simmonet, 1923]. It has also been shown 
recently that rats can thrive on a diet free from vitamin B, if it contains no carbohydrate. 
Such animals grow well and do not develop such signs of deficiency as polyneuritis or 
bradycardia [see preceding papers of this series: Banerji, 1940; 1941]. 

The work described in this paper has arisen from the last-mentioned findings. The fact 
that it is possible for rats to survive in the absence of the vitamin with no signs of 
deficiency raises the question of the state of their tissues with regard to carbohydrate 
metabolism. This question may be put thus: does the defect in carbohydrate oxidation, 
as shown for example by the catatorulin effect, persist in animals receiving no vitamin B,, 
even though they are free from symptoms of deficiency ? The experiments to be described 
show that the defect does in fact persist and that deficient animals, irrespective of whether 
they develop symptoms, show a definite catatorulin effect. It is clear that these results 
are of significance in relation to the possible mode of action of the vitamin. This point 
will be discussed further after we have presented our results. 


EXPERIMENTAL 


Young rats weighing about 50 g. were fed on the following diets: 

(1) Standard basal diet (containing about 55% sucrose). 

(2) High protein diet (sugar-free). 

(3) High fat diet (sugar-free). 

(4) Protein-fat diet (sugar-free). 
The detailed composition of the diets is shown in Table 1. 

Some of the animals received in addition supplements of vitamin B,, usually 10g. 
daily. (It has been shown that, with the standard basal diet, 8 ug. daily produce adequate 
growth [e.g. Yudkin, 1941].) Signs of deficiency developed only in those animals.on the 


* Communicated to the Biochemical Society 21 March 1941 [Chem. and Ind. 60, 220]. 
+ Sir Halley Stewart Research Fellow. 
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Table 1. Composition of diets 


Standard High High Protein- 
basal protein fat fat 
Sucrose ’ 60 0 0 0 
Fat 15 15 75 55 
Light white casein 20 80 20 40 
Salt mixture 5 5 5 5 
Autoclaved marmite 12 12 12 12 


Each animal received in addition 2 drops of cod liver oil daily. ; 

The fat used was arachis oil in the standard basal and high protein diets, and lard in the high fat diet. 
Either arachis oil or lard was used in the protein-fat diet without any detectable difference in behaviour of 
the animals. 


standard basal diet with no supplement of the vitamin. The animals were kept for 3-4 
months on the diets on which they remained free of symptoms, or for 2-3 weeks, i.e. 
when symptoms were well developed, on the basal diet with no added vitamin. After 
this time, tissue respiration was studied in the Warburg manometer at 38°. Three or four 
animals of each group were investigated. Kidney slices were used and the determinations 
of O, uptake were done in triplicate. The decision to use kidney slices instead of the brain 
mince usually used by the Oxford workers was made, first because of the much greater 
agreement between triplicate determinations, and secondly because the brain of the rat 
has been shown by O’Brien & Peters [1935] to give at best only a slight catatorulin effect.* 
The O, uptake was measured in Ringer-phosphate solution at pH 7-4, in the absence 
or presence of pyruvate, and with or without the addition of vitamin B,. About 20 mg. 
wet weight of tissue were used in each cup, which contained 2-5 ml. liquid. The quantities 
of pyruvate and of vitamin B, added were 6 mg. of the sodium salt and 3yg. of the 


. hydrochloride respectively. The manometers were in the bath for 15 min. for temperature 


equilibration before readings were begun, and thereafter readings were taken after 
15 min. and then at half-hourly intervals for a total of 3} hr. The reading for the first 
15 min. was often irregular and has therefore been ignored in the results here presented. 
The results are expressed throughout as QYo,. The average values of the Qo, for 
each group of animals are shown in Figs. 1-10; more detailed protocols of individual 
experiments are given in the Appendix. 

For convenience and to lessen confusion, an augmentation of respiration produced by 
vitamin B, will be referred to as indicating the presence of the ‘specific metabolic defect’. 
This term, we feel, conveys best the impression of the oxidative disability found in 
deficient tissues. 


RESULTS 
Effect of vitamin B, in vitro on respiration 


(a) Standard basal diet. The addition of vitamin B, to respiring kidney slices of 
polyneuritic rats resulted in a considerable and rapidly increasing augmentation of 
respiration, especially in the presence of pyruvate (Fig. 1). The consumption of 10g. of 
the vitamin daily by animals on the same diet resulted in an almost complete suppression 
of this effect (Fig. 2). A slight increase due to the added vitamin was observed towards 
the end of the experiment, probably owing to the gradual loss of vitamin from the tissues 
during this time. Peters & Rossiter [1939] found a somewhat higher catatorulin effect 
(some 30% increase in O, uptake during the 2nd hr.) in kidneys from normal rats. 

(b) High protein diet. Kidney slices from animals on this diet, with no supplement of 
vitamin B,, showed in the presence of pyruvate a decided and increasing metabolic 
defect, somewhat lower than that shown by the polyneuritic animals (Fig. 3). In the 


* In special conditions, it is possible to demonstrate an increased respiration in rat’s brain with vitamin B, 
(Barron, Goldinger, Lipton & Lyman, 19416]. 
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absence of pyruvate, the vitamin produced much less effect with this group of animals 
than with the polyneuritic group. Supplementing the diet with 10ug. of the vitamin 
daily resulted in a complete abolition of the in vitro effect of added vitamin (Fig. 4). 


% ine. in resp. due to B, 


Fig. 1A Fig. 1B 
Fig. 1. Standard basal diet, no supplement. 
' A=rate of respiration at hourly intervals. B=% increase in respiration due to added vitamin B,. 
---- Curve O=in the absence of added substrate ------ B, =in presence of vitamin B,. 
(=residual respiration). 
P=in presence of pyruvate. -:+-:+ P+B,=inpresenceofpyruvateand vitamin B,. 


. 
eee eer aru es 


% ine. in resp. 


Fig. 2A 
Fig. 2. Standard basal diet +10 yg. vitamin B, daily. Key: as in Fig. 1. 


(c) High fat diet. A high fat diet with no added vitamin B, resulted in a definite 
catatorulin effect in the kidney, though this was lower than with either of the two 
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previous diets (Fig. 5). The increase in O, uptake was produced by the vitamin both in 
the absence and presence of pyruvate. Animals receiving the high fat diet with the 
daily supplement of vitamin B, behaved quite differently from animals on the other two 


nals 


min 





% ine. in resp. 










Fig. 3A 
Fig. 3. High protein diet, no supplement. 


Fig. 3B 
Key: as in Fig. 1. 





% ine. in resp. 





Hr. 
Fig. 4A Fig. 4B 
Fig. 4. High protein diet + 10g. vitamin B, daily. Key: as in Fig. 1. 








diets in respect to the effect of vitamin B, in vitro on the O, uptake in the presence of 
pyruvate (Fig. 6). They showed a distinct metabolic defect, which, although lower than 
for animals receiving no vitamin B,, reached a maximum of about 70% after 2 hr. On 
the other hand, as with the other two diets, the O, uptake in the absence of pyruvate was 
very little increased by the vitamin. 







534 G. G. BANERJI AND J. YUDKIN 


(d) Protein-fat diet. Rats on this diet, as on the high fat and high protein diets, 
survived in apparently perfect health for many months. Two animals receiving this diet 
with no added supplement of vitamin B, were used for the investigation of tissue re- 
spiration. The results obtained were roughly intermediate between those obtained with 


% ine. in resp. 


Fig. 5A 
Fig. 5. High fat diet, no supplement.. Key: as in Fig. 1. 


Fig. 6A 
Fig. 6. High fat diet +10 yg. vitamin B, daily. Key: as in Fig. 1. 
the high protein and high fat diets. A moderate and gradually increasing augmented 


respiration was produced by the addition of the vitamin in the presence of pyruvate, and 
a smaller effect was produced in its absence (Fig. 7). 
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Absence of relationship between extent of the ‘specific metabolic defect’ and the develop- 
ment of other symptoms of deficiency 
It will be seen that the extent of the metabolic defect was greater with the deficient 
animals receiving the standard basal diet than with those receiving a diet- containing no 
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Fig. 7A Fig. 7B 
Fig. 7. Fat-protein diet, no supplement. Key: as in Fig. 1. 


Rate of respiration 
ye os ee 


-% ine. in resp. due to B, 
o Ss 


Fig. 8A Fig. 8B 
Fig. 8. Standard basal diet + 2g. vitamin B, daily. Key: as in Fig. 1. 
carbohydrate. It might thus be argued that the development of the symptoms which 
occurs only in the former group is associated.with this larger “specific metabolic defect’. 


Biochem. 1942, 36 35 
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In order to test this, some rats were fed with the standard basal diet with daily supple- 
ments of 2g. of the vitamin. After 6-8 weeks, these animals developed severe poly- 
neuritis and, had they not been killed for the experiment, would have soon died. The 
results show that the increase in respiration produced by vitamin B, was appreciably less 


Hr. 
Fig. 9A Fig. 9B 
Fig. 9. Standard basal diet + 8 ug. vitamin B, daily. Key: as in Fig. 1. 
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% ine. in resp. 
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Hr. 
Fig. 1OA Fig. 10 B 


Fig. 10. Standard basal diet +27 vg. vitamin B, daily. Key: as in Fig. 1. 


in these animals than in animals receiving no dietary supplement (Fig. 8). Comparing 
these results with those from deficient but symptomless animals receiving the carbo- 
hydrate-free diets, the increase in the absence of pyruvate was higher than that in the 
high protein animals, about equal to that in the ‘high fat’ animals and lower than that 
in the ‘ protein-fat’ animals. In the presence of pyruvate the order of increased respiration, 


was reversed—the animals on the standard basal diet + 2g. vitamin B, daily showed 
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a catatorulin effect lower than that of the high protein animals, equal to that of the high 
fat animals and greater than that of the protein-fat animals. 

The main fact which emerges from these findings is that an animal may have a moderate 
metabolic defect and die of polyneuritis (on the standard basal diet), or it may have a 
greater metabolic defect and yet grow well and remain quite free from symptoms (on the 
carbohydrate-free diets). 


Effect of other factors on respiration 


Since the main object of these investigations was to study the effect of vitamin B, on 
tissue respiration in animals.on different diets, we do not propose to do more than mention 
other and incidental findings, although many of them appear of interest. 

(a) Effect of pyruvate in vitro on respiration. Whether pyruvate produced an increased 
0, uptake in kidney slices depended on the composition of the diet of the animals, on the 
addition or otherwise of dietary vitamin B, and on the presence or absence of vitamin B, 
in the Warburg cup during the measurement of the respiration. These findings are sum- 
marized in Table 2 

Table 2. Effect of pyruvate on respiration 


Diet 





a en 
Standard High High Protein- 
basal fat protein fat 
1. Animals receiving no supplement of vitamin B,: 
Effect of pyruvate in absence of vitamin B, - - - + 
Effect of pyruvate in presence of vitamin B, = - + + 
2. Animals receiving dietary supplement of vitamin B, (10 yg. daily): 
Effect of pyruvate in absence of vitamin B, + + + Not studied 


Effect of pyruvate in presence of vitamin B, + + + Not studied 


+ indicates an increased respiration in the presence of pyruvate; — indicates no effect. 


Some of these results are rather surprising; for example with no dietary vitamin B,, 
only animals on the protein-fat diet show an increased respiration with pyruvate. It 
would, however, be unnecessarily speculative to discuss the possible reasons for these 
results until further experimental data are available. 

(b) Effect of dietary vitamin B, on respiration. In both this and the subsequent 
section, a comparison is made hebenes the respiratory activities of the various groups of 
animals. It is clear that, with the small number of animals investigated in each group, 
apparent differences in behaviour between the groups must be considered carefully before 
deciding that they are significant. On the other hand, within any one group, differences 
produced in the tissue respiration of individual animals by the addition of vitamin B, or 
pyruvate, as described in the foregoing sections, are of much more obvious signiiounee. 

The question whether tissues from deficient animals, in the absence of any addition 
in vitro, show a lower respiration than tissues from normal animals has been the subject 
of many investigations. On the one hand, several workers have claimed that they have 
observed such a decreased metabolism in deficient tissues [e.g. Abderhalden & Schmidt, 
1920; Abderhalden & Wertheimer, 1921; Abderhalden & Vlassopoulos, 1931; Tsuka- 
moto, 1928; Sherman & Elvehjem, 1936]. Westenbrink [1932a], however, has shown that 
the results of Abderhalden and his co-workers are not statistically significant. Several 
investigators, too, have been unable to find any difference between normal and deficient 
tissues [e.g. Drummond & Marrian, 1926; Westenbrink, 19326]. These divergent findings 
may be explained in part by the fact that the differences between normal and deficient 
tissues are frequently small, and also by the fact that the different tissues used by 
different workers are not equally affected by the deficiency. It is well known for example 
that the liver of deficient animals of many species shows no catatorulin effect, although 
in special conditions an effect may be demonstrable [Barron et al. 1941a]. 
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The results of the present investigation suggest that a third factor which may deter. 
mine a reduced respiration in the tissues of deficient animals is the composition of the 
diet. Kidney slices from rats reared on the carbohydrate-free diets show no decreased 
residual respiration if dietary vitamin B, is withheld, whereas those from rats receiving 
the standard diet do show this. It may be that this diminution in respiration is associated 
with the presence of symptoms of deficiency in the latter animals. This is supported by ° 
the fact that a supplement of 2g. of the vitamin to animals receiving the standard basal 
diet, which does not prevent the development of polyneuritis, also results in a decreased 
residual respiration compared with the symptom-free animals receiving 10g. daily. 

Most workers are agreed that, in the presence of glucose, lactate or pyruvate, there is a 
lower respiration by deficient tissues. This has been shown, for example, in pigeon’s 
brain [Gavrilescu & Peters, 1931], in pigeon’s kidney [Thompson, 1934] and in chicken’s 
brain, heart and kidney [Sherman & Elvehjem, 1936]. In the present paper, it is clearly 
seen that kidney slices from deficient rats, whatever the composition of the diet, show a 
lower respiratory rate with pyruvate than tissues from animals receiving the same diet 
to which vitamin B, has been added. 

This effect of dietary vitamin B, was studied a little more closely with animals receiving 
the standard basal diet. In addition to the daily supplements of 2 and 10yg. already 
described, some animals were given 8yg. and others 27 wg. (Figs. 9, 10). On the whole, 
the rate of oxidation of pyruvate, both in the presence and absence of vitamin B, was 
progressively higher with increasing supplements, except that with 27 yg. the rate was not 
appreciably higher than with 10 yg. 

(c) Effect of the composition of the diet on respiration. A comparison of the rates of 
respiration measured in similar conditions (presence or absence of pyruvate or vitamin B,) 
of kidney slices of animals on the different diets reveals certain consistent differences. 
Thus, the substitution of the sucrose of the standard basal diet by protein did not appear 
substantially to alter the respiration. On the other hand, substitution with fat results in 
a higher initial respiration, which rapidly falls to values often considerably lower than 
those for animals receiving the standard basal or the high protein diets. If the sucrose is 
replaced partly by fat and partly by protein, the respiratory values observed are, as 
might be expected, intermediate between the two other values. This effect of dietary 
fat on kidney respiration contrasts sharply with the absence of effect on liver respiration, 
where it has been shown that diets containing large quantities of fat or protein do not 
change the O, uptake of rat’s liver slices [Yudkin, 1942]. 


DiscuUssION 
Effect of vitamin B, in vitro on respiration 


The average increase in respiration over the 3 hr. period of study is summarized in 
Table 3. 

Concentrating our attention on the catatorulin effect proper, that is, the increased O, 
uptake induced by vitamin B, in the presence of pyruvate, the main result of our experi- 
ments is that kidney slices from animals receiving no vitamin B, in their diet always 
showed a definite catatorulin effect. The extent of the augmentation in respiration 
depended on the diet, but it was always considerable and showed a typical increase 
during the course of the experiment. A daily intake of 10ug. vitamin B, entirely or 
almost entirely eliminated this effect with the standard basal or high protein diet but in 
the case of the high fat diet it only reduced it by about one-half. (The effect of dietary 
intake of vitamin B, with the protein-fat diet was not studied.) 

The proportionate decrease in the metabolic defect with increasing amounts of dietary 
vitamin B,, as shown in the series of animals receiving the basal diet, is interesting. 
Particularly is it interesting to find that the defect was still present to some extent in 
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Table 3. Effect of vitamin B; in vitro on respiration 
% increase in O, uptake due to 
Daily addition of vitamin B, 
Presence or supplements of 
absence of vitamin B, In absence In presence 
symptoms pg. of pyruvate of pyruvate 
0 , 68 127 
2 23 50 
8 13 22 
10 7 8 
27 4 -1 


High protein 0 10 75 
_ 10 -1 -l 


High fat - 0 21 50 
ze 10 9 23 
Protein-fat = 0 37 38 


rats receiving 8 and 10g. on this diet, for the condition of these rats, as far as could be 
seen from weight increase and lack of symptoms, was quite as good as that of animals 
which received 27 yg. of the vitamin. 

We do not know the reason for the persistence of the moderate metabolic defect in 
animals on a high fat diet receiving 10ug. of vitamin B,. It may well be that higher 
doses of the vitamin with this diet would eliminate the defect. Studies now being made 
on the stores of the vitamin in the tissues of animals on the various diets may throw some 
light on these points. However, the point which we wish to emphasize is that a con- 
siderable catatorulin effect is shown by the kidneys of all animals deprived of the vitamin, 
whatever the composition of the diet, and occurs irrespective of the presence or absence 
of signs of deficiency. (We may perhaps reiterate that only animals receiving the standard 
basal diet with no added vitamin B, or with 2g. daily develop these signs.) This obser- 
vation clearly has an important bearing on theories of the mode of action of the vitamin. 


Role of vitamin B, 


Let us first of all clarify the position with regard to the catatorulin effect in different 
tissues. For reasons which we have already stated, we chose the kidney for our experi- 
ments. Most stress, however, has been laid by other workers—notably Peters and the 
Oxford school—on the catatorulin effect in the brain of deficient animals. We hope for 
this reason to repeat this work with deficient pigeons whose brain, unlike that of rats, 
shows a good catatorulin effect. In our opinion, however, the emphasis on the brain as 
the site of the biochemical lesion has tended to give a false orientation towards the 
problem of vitamin B, deficiency. 

The view of those who regard the brain lesion as of fundamental importance in the 
causation of the symptoms has perhaps been stated best by Peters [1940] who writes: 
‘It has now been proved that the nervous symptoms are due to an actual deficiency of 
vitamin in the brain tissue, which leads to failure of proper functioning on the part of an 
essential enzyme system concerned with the intermediate metabolism of carbohydrate’. 
We wish, however, to draw attention to the following points. 

(1) The catatorulin effect in deficient animals is not confined to the brain. It has, for 
example, been demonstrated in the kidney of the rat, pigeon and chicken, and in the 
heart muscle of the chicken [Thompson, 1934; Sherman & Elvehjem, 1936; this work]. 
In fact, 11 years ago Fisher [1931], working in Peters’s laboratory, stated: ‘There is a 
definite general defect in lactic acid metabolism in the polyneuritic pigeon,-in addition to 
the local defect described by Kinnersley and Peters’. 

(2) The brain of the polyneuritic rat sometimes shows no catatorulin effect [O’Brien & 


Peters, 1935]. 
(3) The defect in carbohydrate metabolism in the brain can at most account for changes 
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in the central nervous system, such as convulsions. The periphera! neuritis found in most 
deficient animals must have a different cause, as of course must the oedema found in some 
deficient animals. 

(4) The results reported in the present paper show that tissues from deficient animals 
may have a defective carbohydrate metabolism even though the animal itself is free from 
symptoms. 

It seems to us much more likely that the ill-effects of deficiency are to be explained 
rather by the presence of some toxic substance produced during an incomplete or per- 
verted carbohydrate metabolism than by the inability per se to carry out a metabolic 
process which, according to the theory, is essential for normal physiological function. The 
work described in this paper makes it clear that the metabolic disability is present in any 
animal deprived of the vitamin but that symptoms appear only when carbohydrate is 
fed. That is, it is possible for the animal to thrive even though the biochemical lesion is 
present: if however the animal is forced to attempt the metabolism of dietary carbo- 
hydrate, this lesion will lead to the accumulation of some toxic product which is respon- 
sible for the symptoms. 

Our general conclusion, therefore, is that the explanation of the signs of deficiency of 
vitamin B, is likely to be found in the once widely held intoxication theory. What the 
toxic product is—whether it is methyl glyoxal as suggested by Vogt-Moller [1931], or 
adenylic acid as suggested by Birch & Mapson [1936], or some as yet unidentified pro- 
duct—we cannot from our experiments presume to judge. 


SUMMARY 


Earlier work has shown that rats can thrive on a diet free from vitamin B, if it contains a 
large proportion of fat or of protein. Experiments have now been carried out to deter- 
mine whether the absence of the more obvious signs of deficiency, such as loss of weight, 
polyneuritis and bradycardia, extends to the defect in carbohydrate metabolism studied 
by the Peters school. The respiration of kidney slices from rats on different diets was 
determined in the presence and absence of pyruvate and the effect observed of the 
addition in vitro of vitamin B,. It was found that the ‘specific metabolic defect’, that is 
the defective oxidation of pyruvate which is restored by the addition of vitamin B, to 
the respiring tissue, could be demonstrated in all animals deprived of the vitamin, 
whatever the composition of the diet and irrespective of the presence or absence of other 
signs of deficiency. The bearing of this on current theories of the mode of action of 


vitamin B, is discussed. 
We are glad to have this opportunity to thank Dr Leslie Harris for his interest in 
this work. 
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Hour of observation ... 


Diet Exp. no. 
Standard basal, no 1 
supplement 2 
3 
4 
Mean 
Standard _ basal + 5 
10 ug. vitamin B, 6 
daily 7 
Mean 
High protein, no 8 
supplement 9 
10 
11 
Mean 
High protein + 12 
10yug. vitamin B, 13 
daily 14 
Mean 
High fat, no 15 
supplement 16 
17 
18 
19 
Mean 
High fat +10yg. 20 
vitamin B, daily 21 
22 
Mean 
Protein-fat, no 23 
supplement 24 
Mean 
Standard basal+ 25 
2yug. vitamin B, 26 
daily 27 
Mean 
Standard basal+ 28 
8yug. vitamin B,- 29 
daily 30 
Mean 
Standard basal+ 31 
27g. vitamin B, 32 
daily 33 
34 


Mean 
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[19326]. Arch. néerl. Physiol. 17, 549. 
[1942]. Unpublished observations. 
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